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Symbols. Abbreviations and Acronyms 


ACRV 

ACS 

AFE 

A&I 

AI 

ALARA 

ALS 

ALSPE 

am 

AR 

ARGPER 

ARS 

an-g 

asc 

ASE 

AU 


Advanced crew recovery vehicle 
Aoinide control system 
Acrobiake Flight Experiment 
Attachment and integration 

Alumin um 

As low as reasonably achievable 
Advanced Launch System 

Anomalously large solar proton event 
Atomic mass ( unit ) 

Area ratio 

Argument of perigee 
Atmospheric revitalization system 
Artificial gravity 
Ascent 


Advanced space en gini* 

Astronomical Unit (=149.6 million km) 


BIT 

BITE 

BLAP 

BFO 


Built-in test 
Built-in test equipment 
Boundary Layer Analysis Program 
Blood-forming organs 


C 

CAB 

CAD/CAM 

CAP 

Cd 

CELSS 

CHC 

CG 

Cl 

cm 

c/m 

CM 

c/o 

CofF 

conj 

COSPAR 

C02 

Crvo 

C3 


Degrees Celsius 
Ciyogenic/aerobrake 

Coinpier-aided design/computer-aided manufacturing 
Cryogenic all-propulsive 
Dr^ coefiBcient 

Qosed Environmental Life Support System 

Crew health care 

Center of gravity 

Lift coefficient 

Centimeter = O.OI meter 

Crew module 

Center of magg 

Check out 

Cost of facilities 

Conjunction 

Co mm ittee on Space Research of the International Council of Scientific 
Unions 

Carbon dioxide 

Cryogenic 

Hyperbolic excess velocity squared (in km^/s*) 


d 

DDT&E 

DE 

deg 

desc 

DMS 

dV 


davs 

Design, development, testing, and evaluation 

Dose equivalent 

Degrees 

Decent 

Data management systtm 
Velocity change (AV) 
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EA 
E arr 
Ec 

ECCV 

ECWS 

ECLSS 

EP 

ESA 

e.s.o.' 

ET 

ETO 

EVA 


Fc 

FD&D 

Few 


Ff 

Ffa 

Fi 

Fi 


F„ 

Fo 

pP 

*^rs 

FSE 

Fs 

Fss 

Fu 

Fv 

FY88 


g 

GCNR 

GCR 

GEO 

GN2 

GN&C 

GPS 

Gy 


hab 

HD 

HEI 

HLLV 

hrs 

hyg w 
HZE 
H2 
H2O 


Earth anival 
Earth anivai 

Modulus of elasticity in compression 

Earth crew capture vehicle 

Element control work station 

Environment control and life suppon system 

Electric propulsion 

European Space Agency 

En gin e start opportunity 

External Tank 

Earth-to-orbit 

Extra-vehicular activity 

Qrculation efficiency factor 
Hre Detection and Differennanon 
Life suppon weight fector 
Specific floor count factor 
Specific floor area factor 
Aerobrake integration factor 
Specific length factor 
Normalized sparial unit count factor 
Path options factor 
Useful perimeter factor 
Parts count factor 
Proximity convenience factor 
Plan aspect rado factor 
Section aspect ratio factor 
Flight suppon equipment 
Vault factor 
Safe-haven split factor 
Spatial unit number factor 
Volume range factor 

Hscal Year 1988 (=Octobcr 1,1987 to September 30, 1988. Similarly for 
other years) 


Acceleration in Earth gravities (=acceleration/9.80665rr3/s2) 

Gas core nuclear rocket 

Galactic cosmic rays 

Geosynchronous Eanh Orbit 

Gaseous nitrogen 

Guidance, navi^on, and control 

Global Positioning System 

Gray (SI unit of absorbed radiation energy = 10^ erg/gm) 


Habitation 
High Density 

H uman Exploration Inidadve (obsolete for SEI) 

Heavy lift launch vehicle 

Hours 

Hygeine water 

Hi^ atomic number and energy panicie 

Hydrogen 

Water 
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ICRP 

DvILEO 

in. 

inb 

IP&ED 

IR&D 

Isp 

ISRU 


International Commission on Radiation Protection 

Initial mass in low Earth orbit 

Inches 

Inbound 


Implementanon Plan and Element Description 
Indei^ndant research and development 
Specie impulse (asthiust/mass flow rate) 
In-sim resource udlizadon 


JEM 

JSC 

k 

keV 

kg 

klb 

kibf 

ion 

KM 

KM/Sec 

KM/SEC 

ksi 

UD 

LD 

LDM 

LEO 

LET 

LEV 

LEVCM 

Level n 

LH2 

UOH 

LLO 

LM 

LOR 

LOX 

LS 

LTV 

LTVCM 

L2 


m 

[MarsGram 

[MARSIN 

MASE 

MAV 

M/CdA 

MCRV 

me 

MEOP 

MeV 


Japan Experimem Module (of SSF) 

Johnson Space Center 

klb 

Thousand electron volt 
Kilograms 

Kilopounds (thousands of pounds. Conversion to SI units=4448 N/klb) 

KQopound force 

Kikoneters 

^lometeis 

Kilometers per second 
Kilometers per second 
Kilopounds per square inch 


Lift-to-drag ratio 

Low density 

Long duration mission 

Low Earth orbit 

Linear energy transfer 

Lunar excursion vehicle 

Lunar excursion vehicle crew module 

Space Explorarion Initiative project office, Johnson Space Center 

liquid hydrogen 

Lthium hydroxide 

Low Lunar orbit 

Lunar Module 

Lunar orbit rendezvous 

Liquid oxygen 

Lunar surface 

Lunar transfer vehicle 

Lunar transfer vdiicle crew mndnlf! 

Lagrange point 2. A poitu behind the Moon as seen bom the Earth which 
has the same orbital period as the moon. 


Meters 

Westtm Union interplanetary telegram] 

Martian pornography] 

Mission analysis and systems engineering (same as Level n q.v.) 
Man ascent vehicle 

Ballistic coefficient (mass / drag coefficient time s area) 

Modified crew recovery vehicle 
Mass of electron 

Maximum expected operating pressure 
Million electron volt 
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MEV 

MU 

nzn 

MMH 

MMV 

MOC 

MOI 

mod 

M&P 

MPS 

MR 

m/sec 

MSFC 

Msi 

mr 

mX 

MTBF 

MTV 

MWc 

m3 

N 

n/a 

NASA 

NCRP 

NEP 

NERVA 

NSO 

NTR 

N204 

OSE 

OTIS 

outb 

02 

PER 

Pc 

PEEK 

PEGA 

P/L 

POTV 

pot w 

PPU 

prop 

psi 

PV 

Q 

Q 

RAAN 

RCS 


Mars excursion vehicle 
Muld-iayer insulanon 
Millimeter (=0.001 meter) 

Monomethylhydnmne 
Manned M^ vehicle 
Mars orbit capture 
Mars orbit insertion 
Moc^e 

Materials and processes 
Main propulsion system 
Mixture ratio 
Meters per second 
Marshall Space Flight (Center 
Million pounds per square inch 
Metric tons (thousands of kHograms) 

Metric tons 

Mean rime between failures 
Mars transfer vehicle 
Megawatts electric 

Cubic Meteis 

Newton. Kilogram-meters per second squared 
Not applicable 

National Aeronautics and Space Administration 

Nadonal Council on Radiation Protection 

Nuclear-elecnic propulsion 

Nuclear engine for rocket vehicle application 

Nuclear safe orbit 

Nuclear thermal rocket 

I^trogen tetroxide 

Orbital suppon equipment 

Optimal Trajectories by Implicit Simulation program 

Outbound 

Oxygen 

Particle bed reactor 
(Camber pressure 
Polyether-ether ketone 
Powered Earth gravity assist 
Payload 

Personnel orbital transfer vehicle 
Potable water 
Power processing unit 
Propellant 

Pounds per square inch 
Photovoltaic 

Heat flux (Joules per square centimeter) 

Radiation quality faaor 

Right ascension of ascending node 
Reaction control system 
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Re 

RF 

RMLEO 

RPM 

RWA 

R&D 


SAA 

SAIC 

SEI 

SEP 

SI 

SiC 

SMA 

sol 

SPE 

SRB 

SSF 

SSME 

STCAEM 

stg 

surf 

Sv 

51 

52 

53 

t. 

TBD 

Tc 

TCS 


t.f. 

THC 

TMI 

TMIS 

TPS 

TT&C 

T/W 


Reynolds number 
Rado frequency 

Resupply mass in low Earth oibit 
Revolutions per minnw 
Relative wind angle 
Research and Development 
Rendezvous and dock 


South Atlantic Anomaly 
Science Applications International Corporadon 
Space Exploradon Imtmive 
Solar-electric propulsion 


Intemanonal sys 
Silicon carbide 




of units (meffic system) 


Semimajor axis 

Solar day (24.6 hours for Mars) 

Soalr proton events 
Solid Rocket Booster 
Space Station 
Space Shuttle Main En ginf, 

Space Transfer Concepts and Analysis for Exploration Missions 

Stage 

Surface 


Sieviert (SI unit of dose equivalent = Gy x Q) 

Distance along aerobrake surface forwaM of the stagnadon point 
Distance along aerobrake surface aft of the stagnation point 
Distance along aerobrake surface starboard of the stagnadon point 


Metric tons (1000kg) 
To be determined 


Chamber temperature 
Thermal control sy s te m 
Trans-Earth injection 
Trans-Eanh injecdon stagf 
Tank weight factor 
Temperature and hurxddity control 
Trans-Mars injecdon 
Trans-Mars injection stage 
Thermal protecdon system 
Tracking, telemetry, and control 
Thrust to weight rado 


UN-W/25Re Uranium nitride - Tungsten/25% Rhenium reactor fuel 

VAB Vehicle Assembly Building 

VCS Vapor coolled shield 

Vinf Velocity at infinity 

WBe 2 C/B 4 C Tungsten beryllium cabide/Boron cabide composite 
WMS Waste management system 

W/0 Mthout 

WP-01 Work package 1 (of SSF) 

w/sq cm Watts per square centimeter (should be Wcm*^) 
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Atomic number 

An unacceiaated fiame of reference, free-fall 


[order numbers followed by greck letters] 


lOOK 

Inl 

-He 

-e 

AV 

S 


<100,000 particles per cubic meter larger than 0.5 micron in diameter 
Where ns<0,2-6): Boeing Company jet ttanspon model numben 
Kelvin (K) 


Positive charge equal to charge on dectzon 
Charge on electron 
Change in velocity 


Standard deviation 
Microgravity 
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EVOLUTION OF THE CRYOGENIC PROPULSION VEHICLES 

TECHNICAL ARCHITECTURE PRESUMED LEVEL I REQUIREMENTS - 
During the course of the STCAEM study, and particularly during the 90 Day Study, many SEI 
(then HEI) transportation requirements were generated by Office of Exploration Level H. These 
are reported as appropriate and necessary in various sections of this repon, as well as in the 
STCAEM Implementation Plan & Element Description Document technical volumes. Here, space 
only permits a summary discussion of the Level I requirements adopted by STCAEM as they 
evolved during the course of the smdy. The concepts developed and analyzed ultimately were to 
accommodate the in-space transportation functions required to support the buildup of a permanent 
presence on the Moon and initial human exploration of Mars. Thus, our Level I requirement was 
simply to deliver cargo reliably to the surfaces of the Moon and Mars, and to get 
people to those places and back safely. Vehicles in support of missions to other 
destinations are not part of SEI per se, and were not addressed by STCAEM. Planet surface 
system characteristics and Earth-to-orbit (ETO) launch vehicle characteristics were adopted as 
needed for manifesting purposes, largely intact from other sources. No design work was 
performed for these two categories. In addition, the mission planning horizon was limited to the 

year 2025, about 35 years from now. 

The chief Level n requirement governing the dimensions of the vehicle concepts we 
developed came to us during the 90 Day Study, and was a crew size of 4 for Mars missions. 
Subsequently, STCAEM performed a simple skill mix analysis or these long-duration missions. 
Our result was that doubling up on critical skills (for redundancy), given reasonable expectations 
of how many skills each crew member could become expert in, requires in fact a minimum of 6 - 
7 crew members for Mars missions. For the sake of consistency, our vehicle concepts are 
shown comparable to the 90 Day Study results, sized for four crew. Impacts accnung from 
larger crew sizes are discussed in the Major Trades IP&ED book. 

CONCEPT DEVELOPMENT METHODOLOGY - A vehicle concept emerges gradually 
through the iterative combination of requirements analysis, subsystems analysis, mass synthesis, 
performance analysis and configuration design. Because of the cascading, cause-and-effect nature 
of specific technical decisions in this cyclic process, the ability for a particular concept to remain 
fully parametric is incrementally lost, sacrificed for depth of detailing. The need to penetrate 

deeply even at the concepmal stage is twofold: (1) to uncover subtle integration interactions 

whose ramifications fundamentally revise the concept as they refiect back up the information 
PRECEDING PAGE BLANK NOT FILMED 
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hierarchy; and (2) to enable the production of graphical images of the concepts capable of being 
communicated widely but grounded firmly in engineering detail. If circumstances allow the 
concept development process to engage many cycles of reflexive adjustment, from requirements all 
the way down through subsystem detailing, the design oscillations subside eventually and the 
product that emerges is a robust and defensible concept Basic differences in problems posed and 
solutions engineered lead concept developments in different directions. "Like" problems and 
solutions gravitate together; their recombination and resolution results in distinct, identifiable 
vehicle concepts which constitute vehicle archetypes. A concept is archetypal if it spawns concept 
progeny whose ancestry is clear, and if in so doing its salient features recognizably survive 
subsequent refinement, development and scaling. The ultimate purpose of the STCAEM Concepts 
and Evolution tasks was to generate, analyze, evaluate and describe such vehicle archetypes, and 
the role they could play in human space exploration missions. 

The STCAEM architecture analysis identified seven major classes of transportation 
architecture for SEI lunar and Mars missions. Some are derived from different propulsion 
technology candidates; some are derived from distinct mission philosophies independent of 
propulsion method; most have many sub-options. Vehicle archetypes are keyed more closely to 
propulsion method than to mission mode, however, so we found that all seven SEI transportation 
architectures can be accomplished by derivative combinations of just five archetypal Mars transfer 
vehicle (MTV) concepts, two archetypal Mars excursion vehicle (MEV) concepts, and one 
archetypal lunar transportation family (LTF) concept. The concept evolution of these archetypes is 
outlined in Section x.2. 

DESIGN AND NECKDOWN CRITERIA - STCAEM concept development was punctuated 
by four "neckdowns", which winnowed down the option candidates generated at each successive 
level of detail throughout the study. The four neckdowns were intended to result in: (1) feasible 
options, based on promising propulsion technologies capable of performing SEI-class missions; 
(2) preferred options, representing the handful of candidates whose performance and 
technological readiness were judged to warrant detailed study; (3) integrated concepts, vehicle 
archetypes developed sufficiently to uncover their major integration concerns and architectural 
context; and (4) detailed concepts, based on the reconciled integration of traded subsystems. 
The 90 Day Study occurred such that the first two neckdowns were effectively reversed; 
cryogenically propelled, aerobraking technology was necessarily preferred at that time, due to 
depth of understanding. However, STCAEM later rounded out the picture by completing all four 
neckdown activities, in an ongoing manner throughout the study. 
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Studying the program architecture implications of various technology options for SEI 
missions led to the conclusion that the most generally accessible discriminators, cost and risk, are 
driven by more subtle technical discriminators than, for instance, initial mass in low Earth orbit 
(IMLEO). These can be grouped into three broad caxcgohcs: feasibility, flaibility, and multi-use 
design. As indicated above, feasibility was the first filter for ail concepts considered by STCAEM. 
Flexibility has three components: (1) robustness, which is the ability to perform nominally 
despite variable or unanticipated conditions; (2) resiliency, which is the ability to recover from 
accidental delays or mishaps; and (3) evolution, which is an adaptation over time to changing 
requirements. Flexibility is thus a measure of a program's technical strength and safety in the face 
of variable extrinsic factors. Multi-use design has two components: (1) re-usability, which 
means using the same hardware item more than once; and (2) commonality, which means using 
the same hardware design in more than one setting. Multi-use design is thus a measure of a 
program's cost-effectiveness and intrinsic longevity. These two key architecture drivers were 
paramount in interpreting the results of STCAEM's technical trade studies, and figured 
prominently in the development of element concepts. 

MARS TRANSPORTATION - Four Mars transfer propulsion candidates survived all 
STCA EM neckdowns: cryogenic chemical, nuclear thermal, nuclear electric, and solar electric. 
Analysis of aerobraking resulted in two performance ranges of interest for Mars entry (hypersonic 
L/D = 0.5, and UD = 1.0), as weU as the use of high-energy aerobraking (HEAR) for capture at 
Mars. Consequently, the five archetypal MTV concepts are based respectively on: 
cryogenic/aerobraking (CAB), cryogenic all-propulsive (CAP), nuclear thermal rocket (NTR), 
nuclear electric (NEP), and solar electric (SEP) propulsion technologies. The two archetypal MEV 
concepts are based on the "low" and "high" L/D performance ranges analyzed. 


rrvn«xenic/Aerobr.kPd Mars Transfer Vehicle (CA m * NASA selected cryogenic chemical 
propulsion, augmented by aerobraking for capture and landing at Mars, as the opposition-profile 
baseline for the 90 Day Study. The archetype which first resolved the dominant configuration 
complications for CAB Mars missions already existed (Boeing, 89). With this foundation the 90 
Day Study was able to progress rapidly into performance, subsystem, operations and 
programmatics analyses. The 90 Day Study exercise in turn enabled refinement and vaUdation of 
the (3AB archetype. The major drivers for the CAB archetype are. 
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1) High-thrust chemical propulsion: engine-out design to accommodate shifting vehicle mass 
center as the mission progresses, given the fact of engine clustering and limited gimbal angle; 
propulsion system geometry for in-flight testing before critical mission maneuvers; and avoidance 
when possible of aerobrake penetrations. 

2) High-energy aerobraking: current understanding of aftbody wake closure geometry, and 
aerodynamic simulation-based constraints on mass center location; mumal independence of MEV 
and MTV during final approach to Mars space, since each is captured separately; packaging of the 
entire MTV system in as small a capture aerobrake as possible; potential requirement for MTV 
brake retention and re-use for Earth capture upon retimi. 

3) Rotating artificial gravity: physiological constrains drive the CAB archetype toward 
deployable tether schemes because of the effort to make the aerocaptured vehicles as compact as 
possible. This makes the physical arrangement of the MTV systems difficult, given both a 
requirement to maintain all habitable volumes (both the MTV habitat and the MEV crew cab and 
surface module) contiguous during transfer, and the fact that the only rotation countermass 
available on the return leg is the empty MTV TEI propulsion system. 

4) Modular vehicle design, in an effort to maximize system commonality, to standardize 
integration and operations protocols, and especially to accommodate the widely varying energy 
(propulsive) requirements of opposition-class missions. In STCAEM, opposition missions were 
designed to collect most of the energy difference in the TMIAV. This burden was more easily 
accommodated by the TMIS, which became a highly modular vehicle system. 

5) Robotic-mediated operations: facilitating machine access into the densely packaged systems 
of the CAB vehicle , and designing provision for robotic EVA main tenance during the mission, is a 
tough but essential requirement. We baselined an operations concept in which manipulator 
systems could travel around the rims of the rigid aerobrake structures, both to assist in assembling 
the vehicles at Earth and to service them en route. 


A concept called the "Shutde-Z 3rd Stage" was detailed in response to a Level n trade. 
This is a modular version of the TMIS, in which each section uses its engine twice (once for ETO 
orbit insertion and again for the Mars departure bum). The fundamental problem with the scheme 
is that, with engines located on each TMIS section instead of clustered in the center, mass-balanced 
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engine-out on TMI is not possible without the addition of an extremely long (120 m) truss to 
separate the TMIS from the payload mission vehicles. 

A configuration trade analysis revealed that avoiding the need for Mars orbit rendezvous 
upon arrival between a separate MEV and MTV by configuring one large, aerocaptured vehicle was 
not practicable (either a very large aerobrake, or a reconfigurable cryogenic propulsion system, 

appeared necessary). 


An Earth-Mars cycler vehicle capable of providing periodic transfers between the two 
planets is one potential mission mode addressed by our architecture assessment. Such a vehicle 
could a variety of forms, but for SEI-class missions, the basic function could be accomplished 
with a variation on the CAB vehicle. For the conventional cycler profile, aerocapture energies for 
the "taxi" craft needing to get into parking orbits at Mars are quite high. Re-usable vehicles for this 
job would probably require heavy and/or complex thermal protection systems. 

OTHER SYSTEMS: 

rrvo^Tenir All-Prnn.ilsive Mars Tr ansfer Vehicle (CAP) - The CAP archetype is fundamentally a 
variation of the CAB archetype, but is reported here as a separate archetype because its mission 
philosophy is quite distinct The CAP concept was developed in response to two drivers: 

1) Exploration of alternative purposes for SEI Mars missions led, after the 90 Day Study, lo 

more in-depth discussions of the merits of conjunction vs. opposition profiles. Initial 
presumptions favored shon total mission durations; this approach remained typical after the FY88 
and FY89 OEXP smdy cycles, in which very short, compressed opposition or "split-sprint 
mission modes figured prominently. However, given the 30 - 60 d Mars staytime realistically 
permitted by their astrodynamics, the ratio of usable surface time to total mission time for 
opposition profiles is about 10 %. After the 90 Day Smdy, this was recognized more widely as a 
relatively disappointing science return on a large engineering investment, exacerbated by the 
possibility of extrinsic events (like Martian dust storms) precluding landing altogether. By 
comparison, the same ratio for a typical conjunction mission is about 30 %. The top-level costs 
associated with exploiting the greater opportunity to do in-depth science proffered by conjunction 
missions are two: (1) the requirement for more elaborate surface payload manifests to support both 
that science and the crews to conduct it for year-long stays; and (2) the greater risk to mission 
completion incurred by having the crews and hardware spending almost 3 yr in deep space 

instead of about 1.5 yr. 
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The conjunction profile offers other benefits recognized much later. First, the opportunity 
variation in mission energy requirements is much reduced for the conjunction case, so that mission 
hardware can be more consistent &om one opportunity to the next. This would minimize the actual 
program upset resulting from a missed opportunity. Second, having of order 300 d available at 
Mars would permit more flexible mission design. For example, rather than spending the entire 
staytime on the surface, the mission might carry muldple landers each destined for short visits to 
widely separated surface sites (or crew rescue at a given site). And finally, although conjunction 
missions are roughly twice the length of opposition missions, the bulk of that difference cun 
consist of timfi spent on the surface of Mars, under the radiation shielding afforded by the martian 
atmosphere. The acnial in-space transfers are about equal in length outbound and inbound, and 
their total is less than the total in-space transit time for typical opposition missions. Thus in 
scenarios required to minimize astronaut exposure to in-space galactic cosmic radiation (GCR), 
well-designed conjunction missions arc of great interest. (Trip times can be shortened fiirther still, 
until the so-called "conjunction fast transfer" mission energy requirements approach those for 
opposition missions.) 

Conjunction low-energy missions do not benefit from HEAB, so these missions need only 
carry aerobrakes for entry and landing. Performing Mars capture with cryogenic chemical 
propulsion leads to three fundamental distinctions between CAP and CAB concepts: 

1) The MTV and MEV(s) are captured together, precluding the possibility of failure to 
rendezvous and consequent scrub of landing attempts. 

2) The Earth-departure (TMI) stage grows into a multi-suged propulsion stack, with TMIS, 
deep-space bum (DSB) stage, and Mars arrival (MOC) stage. This changes the overall aspect ratio 
of the all-up vehicle, making it longer, which has implications for attitude control and debris 
shielding in LEO. 

3) Relaxing the requirement for the MTV to be an aerobraked vehicle means that the systems 
constrained in the CAB case to be packaged behind an aerobrake can be distributed differently. 
Thus the Mars-departuie (TEI) propulsion system can be combined with the MOC system and 
placed at the opposite end of the vehicle from the MTV habitation system and payload. This in turn 
means that rotating artificial gravity can be accomplished as simply as for the NTR vehicle, by 
configuring a long, lightweight trass between the propulsion end and the payload end, and 
spinning this rigid assembly end-over-end. Tethered solutions are not required because aerobrake 
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packaging is no longer a problem. This last set of CAP consequences departs from the CAB 
concept sufficiently for their resolution to constimte a distinct vehicle archetype. 


ARTIFICIAL GRAVITY (CAB) - The need for artificial gravity on long-duration 
interplanetary transfers has not been estabUshed. Neither has the lack of such a need, however, so 
STCAEM was obligated to examine the penalties incurred by requiring continuous artificial gravity 
en route between Earth and Mars. Various approaches to rotating artificial gravity have been 
proposed; STCAEM assessed aU of them, and invented some new ones. The fundamental design 
problems associated with artificial gravity derive from: (1) the need for a countermass for rotation; 
and (2) the high mass cost of processing the angular momentum vector of a system having large 
rotational energy. Elegant solutions to both are elusive, and vary widely with propulsion option. 
Secondary compUcations arc communications and navigation pointing, flight structures sized to 
hang heavy vehicles, and possibly material fatigue. The fundamental operations problems 
associated with artificial gravity involve crew EVAs during rotation, robotic mamtenance m the 
vehicle's gravity field, crew physiological and psychological responses to a rotatmg environment, 
performing minor course-correction propulsive maneuvers and testing the capabUity pnor to 
departure. Our work has verified that artificial gravity appears feasible for Mars-class missions, 

for all propulsion options, at fairly modest mass penalties. 

The CAB archetype involves more complexity. The MTV habitat must be 
contiguous with the MEV crew modules, and yet for the return trip the (empty) MTV propulsion 
system is the only available countermass to the MTV habitat. Thus the MTV hab and the MTV 
propulsion system must be separated by a few hundred meters; however, the ennrc MTV must also 
package behind an aerobrakefor capture at Mars. One solution we rejected for mass and 
habitability reasons spUts the transfer habiut system in two halves, held when not aerobraking at 
opposite ends of a deployable tunnel. A more sensible approach is to use tethers, configuring the 
MTV systems such that they are properly mass-balanced for propulsive bums and aerocapturc, but 
can slip apart as the tethers are unreeled for artificial gravity. The center of rotation provides a 
convenient location for a despun power/navigation/communications utility. 

artificial gravity (CAP) - .The CAP and NTR archetypes accommodate artificial 
gravity aaaUy. Bod. an. high-dmia. systtms, so diair bom times are extremely short (minutes to 
hours) compared to coasting tiansfer time (months). Critical propulsion maneuvers can occur 
nonrotating periods of imctogravity, at the cost only of spinup/spmdovra propellanL In 
general, the propuUion system remaining through the end of the mission can serve as countermass 
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to the contiguously connected habitadon systems. When separated by a lightweight truss, they can 
just spin end-over-end during coast phases to provide sufficient gravity at a comfortable spin rate 
with acceptable vestibular disturbance (we baselined 1 g to insure full conditioning for surface 
activity upon arrival at Mars, and 4 rpm maximum spin rate, which together lead to a 56 m 
separation between the hab and the center of mass). The additional mass of the truss and 
propellant for a few bucketed spinup/spindown cycles is of order 10 % of IMLEO. 
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Low-L/D Mars Excursion Vehicle fMEV) - The MEV archetype development began during, and 
was resolved just following, the NASA 90 Day Study. It was originally conceived as a means of 
delivering 25 t of undefined payload to the surface of Mars. However, the specification of crew 
cab provisions, the analysis of vehicle inass balance, and consequendy the configuration design of 
the vehicle all depend on specifics of the payload manifest. We assumed a 201 reference surface 
module as an integral part of the MEV. This led to a "Mars campsite design intended to support a 
crevv of four for 30 ■ 60 d and became or standard lander design. Chief departures from the 
lunar campsite mode of operation were: 

1) The MEV arrives with the crew already onboard, and so is capable of a really self- 
contained mission. 

2) The MEV also brings with it an ascent vehicle (MAV) with a separate propulsion system, 
configured optimally for the ascent phase (or ascent after breakaway from the descent stage during 
a descent abort). The crew cab for the MAV is the operations bridge for the MEV during all its 

mission phases. 

% 

3) The MEV is configured for packaging within an L/D = 0.5 aerobrake. For CAB 
missions, this brake captures the as-yet unmanned MEV into Mars orbit autonomously, before 
rendezvous with the MTV, and is used again for the descent. For CAP and other types of 
missions with propulsive Mars orbit capture, this brake is used only for descent In all design 
cases, terminal descent engines are extended through ports in the windward surface of the brake at 
low Mach number, and the brake is jettisoned subsequently, prior to touchdown. 


The MEV configuratim was developed to permit later removal and relocation of the surface 
habitat module, with the aid of surface construction equipment A variant of the MEV, without 
either surface module or MAV, was analyzed for deUvery of heavy cargo on unmanned missions. 
A quick assessment was made of the feasibility of re-using an MEV, presu m i n g in situ production 
of oxygen and retention of the aerobrake until touchdown. The outcome was positive, although. 
(1) additional brake hatches appeared necessary for landing gear deployment, crew egress, and 
cargo offloading; and (2) a lightweight top-shroud appeared advisable due to aerodynamic drag on 
ascent and to permit the crew bridge to protrude beyond the presumed wake-protection limit for 
direct surface viewing during terminal approach. Configuration options for a "split-stage" MEV, 
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in which the same, or a portion of the same, propulsion system is used for ascent as for terminal 
descent, were also investigated, and shown to be simple variations of the archetype. 

Our baseline aerobrake assembly concept presumed robotic-mediated final assembly of pre¬ 
finished, rigid aerobrake segments at Freedom. Packaging such segments efficiently by nesting 
them in an ETO launch shroud is made challenging because of: (1) the aerobrake's asymmetrical, 
deep-bowl shape, in which the maximum depth of a typical "slice" is comparable to reasonable 
shroud diameters; and (2) the aerobrake's lip, required for both aerodynamic performance and 
structural stiffening around the free brake edge. Subsequent manifesting analysis, in which 
segments were configured according to an inirial rib-and-spar structure concept, indicated that two 
ETO flights would be required to launch a single aerobrake in several pieces. Such extremely 
volume-limited and volutne-inefficient manifesting is an unacceptably poor use of the expensively 
developed capability that a heavy-Uft ETO system represents. 

In response to this manifesting problem, STCAEM proposed the "integral launch" concept, 
in which a fully assembled, integrated aerobrake is launched externally, mounted on the side of the 
launch vehicle exacdy analogous to current STS operations. The low-L/D brake is comparable to 
the STS orbiter in linear dimensions, and is light enough to launch two at once, with capacity to 
spare for other, shrouded payload as well. Ascent performance of such a flight configuration 
requires smdy; the critical question is whether ascent loads would size the aerobrake structure out 
of the competitive mass range for the mission itself. 

Our structural analysis indicates that since the deep bowl-shaped aerobrake loads like a 
doubly-curved shell, it may be possible to construct an acmal "aeroshell" without resorting to ribs 
and spars or some other articulated skeletal structure system. The shell would be made of a 
relatively thin honeycomb-type material system with integral TPS. However, lip buckling would 
still require a stiff rim, probably facilitated by a closed-tube-section stmcture. Such a brake may be 
lighter, and certainly simpler, but the thickened rim would still cause packaging problems due to 
nesting interference. 
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Hiprh-T./D Reusable Mar s Excursion 
occuired in response to three drivers^ 


Vphirle fRMEV) - The RMEV archetype development 


(1) Analysis so far indicates that UD = 0.5 is sufficient at Mars for controlling an aero- 
vehicle at Mars. However, the existence of some mission design studies in the literature which 
advocate L/D > 1.5 for Mars, combined with our preliminary understanding of conirollabiUty 
under Mars conditions, make it important to know in detail how different the configuration 
constraints imposed by higher L/D would be from those imposed by the lower UD (which by 
1989 had come to be regarded generally as appropriate). 

2) As the 90 Day Study stimulated thinking about what the purpose of SEI Mars surface 
missions should be, concern developed that global, or at least wide, access to the surface of Mars 
was potentially important High-thrust Mars transfer propulsion systems (chemical or NTR) tend 
to be mass-constrained by arrival and departure vector geometry to certain parking orbit condinons. 
Although there is no lack of interesting (scientifically important) landing sites accessible from the 
periapsis of any orbit at Mars, the fact that performance-optimized parking orbits are unique for 
each high-thrust opportunity causes a site-access problem if returning to the same surface site is 
required (for base buildup). Thus for high-thrust transfer propulsion options particularly, an 
ability to achieve cross-range on lander entry may be important. High L/D enables greater cross 

range capability. 

3) Certain Mars lander issues not imposed as requirements during the 90 Day Study required 
analysis and design validation. Developing a new MEV concept, substantially different from the 
baseline MEV, allowed us to investigate those issues simultaneously and thoroughly. Specifically, 
we addressed: (1) a deep aerobrake structure concept, of interest for maximum structural 
efficiency and therefore reduced brake mass; (2) the abiUty to deUver large-envelope cargo 
manifests, represented in our design by a long-duration surface habitat module sized for 10 crew; 
and (3) re-usability of the MEV, based on in situ production of cryogemc propellant 


The vehicle shape represented by the RMEV has applications for other interesting mission 
modes, concepts for which have yet to be investigated in detail. Three examples are: (1) a smaller 
RMEV, sized commensurately with the MEV to be a modest cargo-deUvery vehicle; (2) a direct- 
landing MTV, whose return propellant would be manufactured in situ on Mars, and (3) re usable 
aerobraked "taxi" vehicles capable of performing the Earth-Mars cycler embark/debark function. 
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Cryogenic/Aerobrake (CAB) 
Reference Configuration 


Introductioii 

The cryogenic/acrobrake (CAB) concept was used as the NASA 90-day 
Study reference vehicle. It offers conceptual continuity with the mainstream Mars 
transportation studies performed over the last several years. Its only major new 
technology development is high energy acrobraking (HEAB) for planetary capture, 
but the concept also requires a high-thrust cryogenic space engine. Being able to 
iflnri on Mars using the CAB concept requires a successful rendezvous between 
separately captured vehicles in Mars orbit 


Nominal Mission Outline 

• The vehicle is assembled, checked out and boarded in LEO 

• The TMI bum occurs and die TMIS is jettisoned 

• MTV/MEV coasts to Mars 

• MTV and MEV separate SO days prior to Mars capture 

• The MEV aerocrqituies robodcaUy a day ahead of the MTV, providing last- 

miniite verification of atmosplreric conditions and targeting 

• The MTV captures, followed by rendezvous in the parking orbit with the MEV 

• The lanHing ctcw transfers to die MEV and checks it out 

• The MEV descends to the surface, jettisoning its aerobrake prior to landing 

• After surface operations, the ascent vehicle (MAV) leaves its descent stage and 
surface payloads, ascends to orbit and docks with the MTV for crew transfer 

• The MAV is jettisoned in Mars orbit, and the TEI bum occurs 

• The MTV coasts back toEar^ 

• The crew transfers to a n*>f>dififtri ACRV (MCRV), jettisons the MTV and 

performs a direct entry at Earth (optional: the entire MTV aerocaptures into a 
LEO parking orbit for refurbishment and re-use) 
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Vehicle Systems 


The vehicle consists of three main elen^nts; the Mars Excursion vehicle (MEV), 
the Mars Transfer Vehicle (MTV) and die Trans-Mars Injection Stage (TMIS). 


Man Transfer Vehicle (MTV> 


The MTV configuration shown consists of a transit habitat sized for 
4 crew, an aerobrake, and a TEI propulsion system. The transit hah is 
centrally in the aerobrake with an e xternal afrinrir and an MCRV awarheri to the top 
(in the configurations shown, an Apollo-style ECCV was used to represent the 
MCRV). The airlock allows access to the MEV crew cab and surface hjibi tat 
during all phases of the transfer mission until the MEV separation SO days prior 
to Mars arrival. The MCRV is used for migginn scenarios featuring direct-entry 
crew return; these scenarios expend the entire MTV upon return to Ear^h lo a 
reusable mode, the entire MTV would be aeroc^tured back at Earth for 
refurbishment and re-use; a second airlock would be located in place of the 
MCRV. The aerobrake is of identical geometry and construction as die MEV 
aerobrake, but is stronger and heavier due to its larger payload mass, and does not 
require any engine doors. The propulsion sjrsiem (TEI) is divided symmetrically 
into two tank-stacks straddling the transit hab, like the MAV tankset configuradon* 
The propulsion system is oriented at an angle relative to the aerobrake axis, with 
the two engines aimed out the rear of the aerobrake, to avoid TPS penetrations 
while still pgnTiifring mass-balanced operation during the burn. 


Trans-Mars Injection Stage fTMIS'l 

The TMIS consists of a core unit with four advanced space engines (ASE), 
avionics and cryogenic propellant tanks, and provision for up to four “strap-on” 
' propellant tanksets. This configuration allows propellant cross-feeding in the cas e 
of engine-out, and modular accommodation of the entire stage’s performance 
according to the mission oppormnity requirements. Keeping the engines close 
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together on the core stage allows tracking the CM during an engine-out condition 
via gimhallin g. This strategy avoids either opposite-shutoff Gctiding to long bum 
rimM and greater gravity losses), or a requirement for extra structure (a 125m 
truss) between the propellant tanks and engines to allow CM tr a c k i n g. The TMIS 
accounts for about 75 % of the total IMLEO, a substantial per-mission resupply 

cost 

Man Excursion Vehicle (MEV) 

TTie reference MEV is a manned lander that can transport a crew of 4 to the 
surface. It consists of a surface-stay habitat module (roughly SSF-module size), 
an airlock, 51 of surface-science payload, a cryogenic descent propulsion system 
with four engines and bus structure, and the ascent vehicle (MAV). The MAV 
consists of a short-duration crew cab, and cryogenic ascent propulsion system 
with two engines. All ptopellant tanif.s are mass-balanced around their maneuver 
CMs so that no later al CM shifting occurs. The entire MEV is packaged in a rigid, 
tnmcated-byperboloidal aetobrake with L/D * OJ, to which it is attached at eight 
points (four bus-frame comers and four landing-gear footpads). The aerobrake is 
fitted with dtvtrs wiiich open to allow the descent engines to extend and ignite prior 
to aerobtake separation (allowing full benefit of the brake’s drag). The brake is 
then je ttisoned as the landing gear extend prior to terminal approach and hovering 

touchdown. 

Dominant configuration constraints for die MEV are as follows: 



•Suifrce access 



•Contigurous crew volumes 
•Short vehicle stack 



•On-orbit assembly 


Payload manifesting is mainly a proximity and mass balance issue. The surface 
hnhitat and airlock, which is the bulk (80%) of the payload, require access to the 
as cen t crew cab and the surface, as well as being mass balanced for proper flight 
The science payload requires surface access for ease of unloading. Docking is 
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facilitated by placing the crew cab high in the vehicle stack. The flight deck 
window is located to provide viewing to the surface for landing as well as to the 
upper for docking. Keeping crew volumes contiguous allows access during 

flight for check-out procedures and simulation training. The vehicle stack is kept 
as short as possible for aerobrake wake protection, which tends to conflict with 
having the center of mass (CM) as high as possible, desirable for a small engine 
gimbal-angle to provide minimal steering loss in an engine-out scenano. A high 
CM within a short stack is accon^lished by placing the dense ascent LOX high in 
the configuration. Hnally, although the dominant constraints for the MEV denvc 

from its performance at Mars, consideration has been given to its ETO launch. It 

is configured to be launched in a few, large, pre-intcgraied systems for minimal 
on-orbit assembly. For example, the ascent vehicle can be launched intact in a 
10 m diameter shroud, while the descent structure can be launched in 2 sections 
for fidriy simple on-orbit assembly and integration. 
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Mars Mission Vehicle in LEO 
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The mass totals for option 1 and 5 are shown for comparison. The only difference between options 
1 and 5 is that option 5 carries a surface reconnaisance vehicle into Mars orbit on the MEV (it is not 
shown on the chart). The surface reconnaisance vehicle is launched from the Mars parking orbit to 
perform robotic exploration of a future human landing site. 
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Cryo/AB Reference Configuration 
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MTV Reference Configuration 
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Options and Alternative Configurations 


Alternative Landers 

As an alternative to using the 0.5 L/D hyperboloid shaped aerobrake for a lading vehicle, 

investigations were made using a high (1.0+) L/D lifting for a 

conic shape. Both of these shapes extend ^e crossrange capability ^d^^ for 
reusable Mars Excursion Vehicle (RMEV), the cntena for which is given on next 
pages. It appears that the high L/D aerobrake will be better suited for a reusable sy^em, 
w* fewer^specialized parts. The Bi*conic will impose some rwtnctions on cargo that high 
L/D aerobrake will not, such as the delivery of a 10 crew habuat to the ^ 

of the Bi-conic the habitat would have to be either specially built to fit the available space or 
the entire fleet of habitats would be scared to have this shape, at^tiOT^ cost ot 
fabrication. Other constraints became evident, while the Ingh UD aerobrake has lumted 
visibility of the ground during landing operations, the Bi-conic has none. 


Alternate Mission Vehicles 

An all-propulsive cryogenic (chemical) vehicle was evaluated for near term co^mcaon 
missions. Conjunction missions were chosen due to si^c^t m^se m ^EO to 
mount an opposition mission using an all-propulsive vehicle ^ 16001IMLEO), while 
conjunction mission would be in the range of the t^o/aerobrake rmssion undCT 
consideration (625-720t IMLEO). The advantage of the all-propulsive vehicle is ^at it has a 
shon development time and can be ready early. The disadvMtages are the lumtanon to ±e 
conjunction-class missions (long stay times at MARS, total tnp niM is long) and only 
ECCV is recoverable, all other sections of the vehicle are expended in operanons. 
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Reusable MEV Sensitivities 
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High L/D Aerobraking Constraints 
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High L/D (1.1) Aerobraking Constraints 



/STCAEM/s<lc/l 2Junc9() 


High L/D Reusable MEV Configuration 


O QO 

*2 -5 — = 

cc ^ •— 

O W "O 

S' °-= = 

^ S o O 

'o ^ H 
.E c o 

«« •= 1 
® "a 2 

£ ^ g « 

W os y 

« o .2's 

li-s s 

“I “j 

e 05 > —> 

O >S P os 

'5 ** w ^ 

2 as . 

00 £ * o 

11 ^1-2 
.2 0.4) 09 -O 

^ I = « = 

. 2 S &? o 

V . E a P 
BO * S .i: 
CS C U>«n 
O- o * c 

m/v O S O 

3 ^ u e ^ 
o ^ 

>» P 09 

P ^ ^ P 


•“ p eo •— “* 

C *2 c c O 

I I o .S .r 

g « “ 3 

•S •§ « £:= 

09 2 •“ P 

IT ^ 

> .2 » <0 _ 

“3'® o = = 

ssoit 

P ^ 09 O ^ 

3 *« **" 5 

M 3 Cli'c ^ 

§ <0 E i .2 

ha C8 ^ g ^ 

9 2 p I ^ 

^ J ^ •§ g 


MM ^ m ^ 

oo r s5 a V 
*3 ? — JS "O 
•“ o .E « 3 
p x: ^ o .3 

fSoJjj— — 

H w > O. es 


D615-10026-2 


50 








s 

ao 



o 

U 

> 












CQ 

CQ 

fiu 


0) ^ 

g a 

S U 




I <C.. > -10026-2 


51 


/STCA0M/sdc/l2Junc90 



Bi-Conic Lander/Habitat 
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resultant force vector 
for 20 angle of attack 




All-Propulsive Cryogenic Vehicle 
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Crew return to Earth via ECCV 
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Mac chart Cargo chcm/ab 2018 w( cover pg 
Veh synthesis model run marschemmiv.dat:37 
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Reference Matrix to Alternative Architectures 

In consideiina a complex task, it is useful to organize it into a hereby of levels. T^e 
hi<^her levels^ more important or more encompassmgs. while the lower levels meluae 
more detail or are more specific. Constraints (e.g., requirements ^d schedules) flow 
down from the higher levels and solutions or implementations build up from the lower 
levels. The first fisure shows a heirarchy of six levels from national goals to peitonTiing 
subsvstems The following section discusses the fourth level, exploration architectures, in 
terms of the lower levels: element concepts and performing subsystems. Selection of 
preferred architectures wiU require the Government (the National Space Council, the 
President, and the Congress) to first define the top three levels. 

Implementation Architectures 

Seven architectures have been selected for examination: four different propulsion types 
(Crvogenic/Aerobrake, NEP, SEP, and NTR): two variations of In-Situ Resource 
Utilization (ISRU) for propellants with Cryogenic/Aerobrake propulsion (Lagrange pomt - 
refueling and Mars surface refueling); and a cycling spacec^t concept Three basic levels 
of program scope are identified: small, moderate, and ambitious. 

Multiple options can be generated within the basic architectures, varying launch vehicle 
capacity, orbital node type, and mission profile and propulsion type for the various Lunar 

and Mars vehicles. 

Aerobraking is found to be applicable to all seven architectures, placing it as a’critical’ 
technology Electric propulsion leads to the lowest reference vehicle mass, and also almost 
the lowest resupply mass. ISRU/Cryo leads to the lowest estimated resupply mass smee 
most of the propellant is derived locally rather than coming from Earth. 

Cost Models 

Cost estimation is being performed using "parametric" methods. This technique uses a 
narameter usually weight, as an input to empirically derived equations that relate the 
oarameter to cost. It should be recognized that the source data for the cost models is past 
program experience, while the hardware being estimated will be built one or two decades 
from now Therefore these cost estimates should be assumed to have a standard devianon 
on the order of +-100%. Hardware at technology readiness level 5 may be assumed to 
have a standard deviation in cost estimate of +-30%. No revenues from sale of products, 
services or rights (i.e. patent rights, data rights), or commercial mvestment, are assumed 
in the cost estimates. These might appear in a scenario such as the Energy Enterpnse. 

Aa an example, the cost estimate for a NEP architecture shows an average annual funding 
level of $8 billion per year after initial ramp-up. 

The principal cost drivers identified include number of development projects, reuseability, 
mass in Earth orbit, and mission/operational flexibility. 

Analysis Methods 

Individual trade smdies are performed within each architecture to optimize it against 
evaluation criteria. The principal evaluation criteria to date has been imual mass in low 
Earth orbit, as a proxy for cost. The results of this opnmizanon will then be compared to 
each other in groups. The early Mars group will compare all-propulsive, aerobraking. 
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direct ffavel, and nuclear theimai among themselves. The electric propulsion group will 
compare SEP and NEP. The innovative ^oup will compare Lunar oxygen to cycler orbits. 

These concepts may both be retained if it 

between early Mars and Late/Evolving Mars will need to be made on the basis of cost, nsk. 
and performMce, while combining the best features from each group. 
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Each logical type suhsiiiiies all llie siihorclinatc types 
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The facing page is a typical listing of the element options making up a total transportation 
architecture for SEI missions. The options listed are all candidates for incorporation into 
architectures. Trade studies have not eliminated any of these options. (The list is 
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Available Options 
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Total possible combinations 2,799,360 
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Top-Level Trade Table 
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Note 1: NEP flies an opposition/swingby-like-profile but does not benefit Iroiii Venus swingby. 














Architecture Results for Three Activity Levels 
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Architecture Results for Three Activity Levels 



o; 



O u 

0£ CQ 

? i 

■3 ^ “ 

S u s 

58 0 ^*- 

S oT 

t; £ z 

M ii “ 

B ”0 V3 

0 = 3 

j 


c 

0) 

&£ 

c 






u 

3 

CT) 


3 



3 

0 

z 


• 

















O) 


c« 



:3 

c > 

O) 

O 3 


u 


c 


0^ 

3 ^ 


S 

C 

• MM 

3 

• wu 

-D 

3 

u 

VD 

C/^ 

C 

3 


a; 


c/3 

0^ 

B 


O) 


o « g 


3 .S- 

<U u 

O « 

.. 3 


3 

S 


3 0^ 

0) li 


3 

<u 


« 3 3 
3 u 3 

flj flj W 

" 

>>i 


CJ 


3' 
O 


c/j 

3 


B C U ^ 


?5 

LU 

< 

CO 


D615-10026-2 


93 




Seven Architecture Recommendations 
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Lunar Architecture 
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Recommended technoloov advan£CfH€llt Pro gram; 

• High-performance fuels 

• Full-containment ground test facilities. 
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Aerobraking Technology 
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Aerobraking is economic For lunar transportation at >= two flights/year. 



Murs Aerocapture ItenerU lor Conjunction 
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Program Implementation Architectures Relation to Aerobraking 
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Program ImplemeiitaUon Architectures 
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conjunction profiles. 

Cycler orbits Cycler orbit stations a la 1986 XX XX 

Space Commission report 

Notes: * optional/emergency mode **oppositlon class only ♦** MEV-class crew taxi (not a large M'I’V) 

/STCA l:M/mha/31 May90 


Aerobraking Flight Test Bed 
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SEP technology has derivative benefits, e.g. power beaming to plane 
surfaces. 
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Mission Risk Comparison 
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modes, e.g. no free return. NEP is shown comparable to, but slightly riskier than NTR. The NEP 
case is sensitive to the lifetime dependability of the propulsion system; this figure is much more 
uncertain than NTR reliability. Mars direct has a higher mission loss risk l)ecause of its complex 
automated operations, but the crew loss risk is comparable to the others. The perception of crew loss 
risk for Mars direct is probably higher dian the real risk. 
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Architecture/Mode 
































Man Rating Requirements 
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• Vehicle power 

• Avionics & Communications systems 

• Siirlace transportation syslems 
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Nuclear Rocket Man-Rating Approach 
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Technology Advancement and Advanced Development 
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Technology / Advanced Development 

Funding Estimates 
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Our basic cost model kernels are parametric cost models. We use the Boeing Parametric Cost 
Model and the RCA Price models to estimate development and unit cost. The determination 
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Life Cycle Cost Model Approach 
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Architectural Cost Drivers 
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Architecture Cost Drivers 
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Minimum Program Life Cycle Cost Spread 
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Miniinuin (Baseline W/Ops & 
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Median (Full Science) Program Life Cycle Cost Spread 
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Full Science (Baseline W/Ops Int) 
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Median (Full Science) Program Life Cycle Cost Spread 

Reduced Early Lunar Program 
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Industrialization and Settlement Cost Spreads 
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eventual payoffs. 
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Results of Return on Investment Analyses 
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refine systems through systems engineering. 


Architecture Synthesis vs. Mission/System Analysis 
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: Overall configuration; kej subsystems performance; integration compatibility; operations analyses 


Architecture Evaluation Approach 
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• Earth Crew Capture Vehicle, an Apollo-like capsule used for Earth entry and landing 
or aerocapture to LEO. The rest of the vehicle is expended. 


Comparison of Propulsion Options 
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Conjunction vs. Opposition Mars Profiles 
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Reusable MEV Sensitivities 


JU o 
m CO 

1 

^ & 

s s 


I 

S Q 


3 SC 
? -f K 

i r ® 

flj ** ?? 

a £S § 



•2 •§ 
“ £ 
\c «o 


r I -i 

U ti a 

;r r’ 

S S 


o 

<N ^ 

<5 <S 
« « 

z s 


p £ 


<5 6 

§ S 

s s 


D 


SE1E1I33Q si 


JO St 

£■£ 

So 


‘ \ N 

> ^ \ X < 





if i- 

os *> 
I! u 

1 ^ 

a 


1 

SgS 

Iff 

8* 

20 H 


S 9 

o 

fom 


} 


4* 

a 

K 

u 


•j *ssBp\j ^janj 


D615-10026-2 


148 







11. Requirements, Guidelines and Assumptions 
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Reference and Alternate Missions 


Note: Contains material formerly in Mission Analysis 
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Mission Analysis 


A reference mission profile for Mars transfer was provided by MSFC, called the Level n 
reference case (year 2015 opposition opportunity). We investigate this profile for other 
opportunities in other years and did not limit ourselves to opposition mission only. An 
alternative mission profile is to use a direct transfer to Mars, refueling on the Maruan 
surface, and direct return to Earth orbit (Mars Surface Rendezvous). A third alternative is to 
use the Earth-Moon Lagrange point two (L2) as a departure and return node. 

The reference mission profile for the year 2015 depart on May 22nd of that year and has a 
30 day stay time at Mars, The total mission duration is 565 days. A 2016 profile has a 
shorter overall time, 434 days, but adds about one kilometer/sec to the departure velocity 
change (A\0 relative to the 2015 mission. The stay time at Mars is held to 30 days. 

Mission opportunities from 2010 to 2024 are tabulated. A plot of departure date versus 
outbound trip time for the 2013 oppormnity with a 400 day stay is typical, showing a 
single optimum combination that minimizes mission AV, The other orbital characteristics 
than epoch of departure have some effect on mission velocity reejuirements such ^ capture 
and departure S-vector positions, GN&C maneuvers, etc. They have been investigated in 
as great a detail as the depth and length of the contract allows. 

Optimum departure vectors indicate that the ability of the engines to be capable of multiple 
bums and therefore do broken plane trajectories to the declination launch asymptote will be 
a reejuiremenL Arrival conditions at Mars for capture orbit parameters such as periapses 
location and lighting (capture and land in light), impacts of true anomaly and parking orbit 
period on the relative position of the S- vector (departure vector) for abort and departure 
capability and into the characteristics of the aerobrake itself for GN&C, landing and 
crossrange capability. 

In the reference mission, the excursion vehicle and transfer vehicle separately capture into 
Mars orbit. To allow a one day spacing between the captures, a velocity difference must be 
generated between them. To keep this AV low (under 100 m/s), the separation should 
occur about 50 days before Mars amval. 

Guidance, navigation, and control analyses can be done at different levels of detail from 
closed form approximations to full 6-degree of freedom simulations. To date 3 degree of 
freedom analyses with variable atmosphere has allowed assessment of the errors induced 
by a variable atmosphere. Guidance laws are being investigated. 

Aeroheating analyses were performed on the medium (L/D^.5) and higher (L/D= 1.1) lift 
brake concepts. With a fixed exit velocity target, flying inverted (negative L/D) extends the 
time for the maneuver. This is because the maneuver is ftom a hyperbolic velocity. A kto 
lift trajectory would rise quickly back out of the atmosphere. Negative lift Tiolds down' 
the vehicle, extending the time for the aeromaneuver, thus lowering the heating rate. The 
heat rate itself varies widely depending on the analysis method. This is an area that 
requires more detailed investigation in the future. Either method leads to peak temperatures 
at the stagnation point in excess of 2000K for hyperbolic excess energies (C3) of over 30 
km^/sec^. Aeodynamic loads were estimated over the brake surface, and two structural 
concepts were examined. The first was a spar framework, the second was a truss 
framework. 

A summary of this work is given below: 
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This sununary addresses the aerobraJee analyses categorized as geometric configuration for 
capture and landing. Mars atmosphere knowledge uncertainty impacts on GN&C, design 
configurations for reducing heating rates and loads, landing flight mechames for range and 
crossrange requirements, structural techniques for reducing weight, and integration of 
technology to meet over^ mission goals. The aforementioned categories will be covered 
in four sections; Aerocapturc, Heating, Struemre, and Ascent/Descent. 

Aerocapture - Critical GN&C related aerocapture issues are line-of-apside control and 
apoapsis altitude control. Aerocapture analyses results included in this summary show the 
following: 

* Asymmetric roll with a finite rate provides improved line of apsides control. 

*A guidance system designed for a low density atmosphere needs to be optimized 
for other atmospheric conditions. 

* Using MarsGram, a one sigma density change results in a large difference in 
density variation between day and night. 

* The guidance system (as related to aerocapture exit conditions) is more effected 
by large (wavelength > KXX) km) hori 2 x>ntal sine wave density variations. 

* A larger vertical wavelength (on the order of 20 km) sine wave density induces a 
lesser error than a smaller vertical wavelength (on the order of 5 km) sine wave 
density. 

Heating - Mars aerocapture heating analyses results are given for stagnation point heating 
and for some choices of surface heating. Heating analyses results included in this 
nu mm ary indicate the following: 

* For the Mars aerocapture MTV, the stagnation point heating rate resulting from 
averaged lift-down is lower than the heating rate for average lift-up L/D. 

* Under s imilar conditions, the heating loads follow the same trend as the 
stagnation point heating rate. 

* Along the center streamline of the hyperboloid aetobrake the predicted radiative 
heat transfer rate at Mars using the Park method is approximately two times that 
using the Tauber-Sutton method. 

* The total heating rates at the stagnation point with Park(146 w/sq cm) and Tauber- 
Sutton (80 w/sq cm) are higher than the near term (1993) radiative material 
capabilities of approximately 70 w/sq cm. 

* For an averaged L/D * 0.5 the stagnation point heating rate for Mars aerocapture 
is 146 w/sq cm; Earth aerocapture heating rate is 172 w/sq cm. 

* The local Reynolds number along the aft streamline of the 30m body does not 
exceed 10E6. 

Structures - Structural analyses results demonstrate weight savings and strength 
improvements through advanced composites application and through spar design 
advantages. Included structural analyses results depict the following; 
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*Spar and truss configurations were developed for the 30 meter aerobrake concept. 

* For the spar configuration and with current technology, the (81 

wei^t estimate is 41.5 klb and the MTV (153 mt payload) estimate is 66.3 klb. 

* Improved material characteristics (200 ksi vs 105 ksi span strength) reduces 
configuration weight by greater than 15%. 

* Mass savings of 30% may be achieved by improved spar design and advanced 
materials characteristics. 


* The truss configuration provides a 15% weight savings 
compared to the spar configuration. 

Ascent/Descent - No ascent related information is <tiscussed in this veraon of the 
IP&ED; a forthcoming update will contain a discussion of ascent related da . 

Descent trajectory analyses results point to L/D 

accessibiUty issues. Included descent trajectory results include the followmg. 

* For MEV with L/D = 1 and descent inclination of 45 degrees, a displacement in 
latitude of 30 degrees may be achieved. 


* An increase in L/D from 0.5 to 1.0+ extends the range by approximately 50%. 

* An aexoflare reduces the ideal delta velocity required for landing by 200 to 300 
m/sec (L/D = 1). 

* Cross range is a function of L/D with atmospheric density and dust concentrations 
affecting the results 


Issues with large aerobrakes such as these center around on-orbit asstmbly and in^ccnon, 
Som which consume many man-homs for the Space ShuMe on *e ^nd. m 
Shuttle has the only reusable aerobrake with repetmve use and accessible ^ta. Another 
fssue ^sSection of the landing site. If the landing site requires an extensive plane change, 
the L/D is higher which ripples through the packaging of the lander and the we^t of tlw 
tote lLich?aquir«nents. (* the other hand, using an amvd 

to the landing site also has an impact on propiteon ^ j 

mass Thus selection of a landing site is required eariy smee it affects the whole design 
Seaway ^candidate sites are uSd. Either a reference site or a tequncment to 
mee?a range of sites up to some level of difficulty (for example any site less than +5to 
Stimde and <70 degrws latitude) needs to be given as an mput requirement for further 

analyses. 
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Acronymns: AB > aerobraking; MEV - Mars Excursion Vehicle; MTV - Mars transfer vehicle, 
includes trans-Mars injection stage as well as transfer propulsion and hab; MAV - Mars ascent 
vehicle; LEO - low Earth orbit; ECCV - Earth crew capture vehicle (like an Apollo command 
module). 
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Reference Chemical/Aerobrake Mission Profile Schematic 



D615-10026-2 



.'STCAEM/bfc/I2Iun90 



Mission Schematic for Mars Direct System 
(Conjunction Profiles, Refueled at Mars) 
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Earth-L2-Mars Mission Profile Schematic 
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Earth swingby to Mars: 

Depart L2 - 330 ni/sec 

Earth swiiigby typ. 1200 iii/scc 

(sqrtll 15.9 + C31 - 10.473, km/scc) 
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Depart Mars 
5/21/16 
C3 = 30.69 
A V = 3400 










Boeing Case #2 
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Data From MASE AV Mars Arrival = 3949 m/sec AV Mars Departure = 3400 


















Trajectory Information for Mission Opportunities 
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Orbit Insertion Lighting Angle, Latitude, and Approach Turning 
Angle for 2010 to 2025 Mars Mission Opportunities 
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Data generated by the PLANET program, property of the Boeing Company. 




2013 - 400 Day Slay — 900 Days Round Trip 
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900 Days Round Trip 
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Julian Date (245XXXX) 
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900 Days Round Trip 
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Julian Date (245XXXX) 
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IVliiiiiiiiiiii Energy and Fast 'I'ransrer 
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Laiiiu'li Dale (clays, Jiiliini) 






Cunjunction Fast I ransfers Preliminary Della Velocity I'rends 
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Conjunction Fast Transfer Optimized Data 
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Losses for Two-Burn Trans-Mars Injection 

Injection C3 - 20 kni2/sec2 TAVo 0.069 Isp-481 
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Start Altitude for 2nd Burn, Earth Radii 



Separation AV vs. Days From Mars for 
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MEV One Day Early Entry Arrival 
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Days frcrni Mars 
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view : latitude 20 deg. 
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2010 Conjunction 

Orbital Parameters vs Parking Orbit Period 
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Guidance Schemes for Aerocapture 
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Orbit Correction Analysis 
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Mars Aerocapture Trajectory Design Approach 
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Mars Aerocapture - Guided Trajectory Examples 
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Slalom Course" Maneuver Profiles 
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Atmospheric Entry Conditions for 
"Slalom Course" Maneuver 
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A set of synthetic-density wave equations are given on the following 
These wave equations were used to determine aerocapture guidance 
sensitivities from density variations (worst case) that may be encountered 
during Mars Aerocapture. 
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Aeroheating Methods and Assumptions 
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MTV Aerobraking Constraints 
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High L/D Aerobrake - Aerodynamic characteristics of the high L/D 
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Mars Aerocapture Stagnation Point Heating - 
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Streamlines for Hyperboloid Aerobrake 
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The following chart delineates the aerothermal conditions at the 
stagnation point for maximum heating along the aerocapture trajectory. 
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Mars Transfer Vehicle 
Base Convective Heat Rates Tw = 1367 
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Wake Closure Zone at Peak Heating 
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The following approximate temperature contours are based on the 

convective and Tauber_Sutton radiative streamline heating dis- 
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Tauber-Sutton Radiation 
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*MARSRT - (mars return) an aerocapture at Earth 

heating code 
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Aeroheating Principal Findings 
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- Modify or Change the Aerobrake shapes. 

- Optimize Trajectories for miminal aeroheating (Down-Lift). 

• Needs 

- Improved Analysis for Non-Equillibrium Radiation in CO 2 Atmosphere 

- Engineering Methods for treating Non-Axisymmetric blunt body flows. 





Importance of Landing Site Analysis 
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rossae, Ucrus Patera, 
Cerberus Rupes, Lockyer 
Crater, Phlegra Montes, 
colored sands, craters, old 
and "new" 




Mars Descent Analysis Findings 
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The following plots were generated the using OTIS (Optimal 
Trajectories by Implicit Simulation) program. The plots show 
the flight path of a vehicle that will give the maximum crossrange 
and they show the crossrange. The plots were done for a vehicle 
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Mars Landing Simulation with Aerodynamic Flare 
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ideal Delia Velocity 
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Levied Requirements 
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Reference Cryogenics/Aerobrake (Cryo/Aerobrake) • System Requirements 


During the course of die Space Transfer Concepts and Analysis for Exploration Missions 
contract (STCAEM), Boeing's Advanced Qvil Space Systeim group (ACSS) has ^ 
conducted regul^ review meetings in order to define £uid derive lecjuixcmcntSt conditions 

jind assumptions for systems currently being developed. 

As system definition and development progresses, technical expero provide documentation 
and rationale for requirements that have been derived. This real-time capturing prevents 
requirements and their associated rationale from being lost or neglected. For example, a 
vehicle configurator may sec the need for providing a minim u m passage dimension for 
vehicle egress or ingress. This requirement would then be captured at an early 
development stage and would provide a history for the decision. This seemingly single 
requirement may have large impacts on the design down the road and its traceability is 

inqiortant 

Derived requirements and rationale are later transfered to the Madison Research 
Corporation (MRQ where they are then entered into the system data base which has been 
developed for ACSS using A(^S's 4di Dimension® software. The data base allows for 
easy access and traceabili^ of requirements. 

The charts that are contained within this document represent two collated copies of principal 
requirements and assun^itions for February 2, and May 30,1990. The systems defined 
i nri .iH..- (1) the Mars Transfer Vehicle (MTV), (2) Mars Excursion Vehicle (MEV), (3) 
Trans-Mars Injection Stage (TMIS), and the Earth Crew Capture Velucle (ECCV). Each 
system is then broken down into subsystem headings of: (1) design integration, (2) 
guidance, navigation and control (GN&C), (3) electrical power, (4) man systems, (5) 

structure and mechanisms, (6) propulsion, (7) ECLSS, (8) and command and data 

handling (C&DH). The initials of each of the techni^ ej^erts responsible for developmg 
the supporting rationale for each of the requirements is indicated parenthetically next to each 

entry. 

Although the majority of the derived requirements Usted are directly applicable t^ 
vehicles such as those powered by Nuclear Electric propulsion (NEP), Nuclear Then^ 
Rockets (NTR), Solar Electric propulsion (SEP) and reference Cryo, Aere are some that 
are not Those requirements that are only directly applicable to a specific vehicle ^e arc 
within the wrtry. The italicized entries indicate a modification to an ongmal 
requirement prior to the second revision of May 30,1990. 

Defining and re-examination of derived requirements will continue through the current 
contract 
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Level II Requirements for Mars Space Transportation 
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Derived Requirements 
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MTV Derived Requirements 
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leakage per day (PB) 

- Two (2) astronauts able to pass through major circulation paths while wearing EVA suits. (SC) 

- Crew quarters shall provide sufficient volume for casual conversation between at least two (2) 

crew members (SC) 



MTV Derived Requirements 
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- Consumable s will suffice for a crew residence time of 30 - 600 days dependent on mission stay 

time and abort scenarios, assumes 100% ECLSS closure of water and oxygen, 0% closure 
of the food and .15 kg leakage per day (PB) 

- The maximum surface stay time is 600 days (PH) 


MEV Derived Requirements 
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Mars Transfer System Derived Requirements 
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Man Systems 

- Solar Proton Event (SPE) protection to be provided (MA) 

- Allow for direct viewing of all docking, berthing and landing procedures (SC) 
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C&DH 

- Connectability between links maintained 90% of the time. Availability when scheduled - 98% 
connectability (PH) 


MTV - ECCV Derived Requirements 
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MTV - TMIS Derived Requirements 
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Note: Changes to existing derived requirements dated 02 February 1990 are shown here in italics 
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MTV Derived Requirements 
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Mars Initiative - Assumptions 
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• Maximum size surface payloads on piloted MEV: 6 m diameter and 13 m length 


Contingency, Flexibility and Reserves 
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Cryo/Aerobrake - Operating Modes and Options Reference 


This section contains the following; 

• Operations Outline 

• Operations Task Flow Description 

• Operations Assumptions 

• Operational Task Flow 


In order to evaluate the difficulty of the mission operations a top level view of the necessary 
sequence of events was generated. Only the areas of on-orbit aswmbly and ground sup^n were 
delved into to any depth. These are discussed in the support section of tins document. The path 
itself is shown in this section and includes options at assembly (on or off Space Stanon), m transit 
outix)und or inbound (with or without Venus flyby, Deep Space Bum and co^t conronon any 
combination of which may be used) and on return (depending on how much of the vehicle is 

recovered and where it is recovered at). 


The Cryo/ Aerobrake vehicle will operate out of the LEO Space Station orbiL The completed 
vehicle will leave from a position co-orbiting with the Space Station and do one m three bums to 
attain the Dcclination Launch Asymptote (DLA) required for Mars transfer. Tte T^^Mars - 
Injection stage is dropped after the last bum and the transit configuration estabhsh^ . 

present, is the zero-gravity transit configuration, but an artificial gravity configuration would be 
established at this point in flight For any swingby. Deep Space Burn or coast correction 
maneuver, the artificial gravity configuration must be despun, reconfigured to the mro-g conditions 
and reconfigured to the artificial gravity conditions after the maneuver has been performed. 


The on-line self-check capability of the systems and subsystems will be used throu^out the 
mission to monitor the vehicle health and indicate preventative maintenance. Due to the length ot 
the Tr>i«dnn (1-3 years) the vehicle must be self sufficient and capable of mainte^ce and reppr 
with a crew (4-7 people). The length of mission time and the distance will impo^ limits on 

the communications and control of the vehicle that can be done by ground operations; the crew are 

on their own resources. 


About 50 days prior to Mars entry the Mars Excursion Vehicle (MEV) and the Mats Transit 
Vehicle (MTV) will separate, with the MEV operating autonomously and entemg fiist as a 
pathfindm’, the two vehicle sections will aerocapture and rendezvous in orbit. If anything happens 
to the MEV in capture, ±e MTV with crew, will abort and return to Earth. After the vehicle 
Options are docked and the final site selection has been made, the MTV ^ ^ set to opmte 
autonomously, the crew will transfer to the MEV, demate the MTV pi ME\^ perform the on^it 
and descend to the surface. The MEV will have the capability m perform a descent abort 
with the ascent section in the event of an emergency to obtain cnrbiL From there, a rendezvous and 
docking maneuver ivith the MTV will be done for crew transfer and Earth return. 


Once on the surface, the MEV establishes contact with both the autoimted MTV and Earth., theii 
ntocccds to carry out the surface mission. When the surface mission is complete, the ascent section 
liftoff leaving the descent section of the lander and surface habitat behind. The ascent section 
attains orbit and docks with the MTV, the crew trpsfers with the return samples and all extraneous 

mass is jettisoned prior to the Trans-Earth -Injection Bum. 


The inbound return transit proceeds like the outbound leg, with options in Venus swingby, coast 
maneuvers and transit flight configuration. On Earth return, the baseline option is to have the crew 
and samples transfer to the Earth (>ew Capsule Vehicle (ECCV) several days before Earth entpr 
takes pl^e disengage from the MTV and return to Earth on a direct entry course m the style of the 
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Apollo crew capsule. Altemate capture scenarios involve capturing the ECCV in» a Spaa Static 
access orbit and crew return through the Space Station, and full capture of the MTv into LEO orbit 
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Cryo/Aerobrake Mission Operations Outline 
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Mars Major Mission Operations 

Cryo-Aerobrake 
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Transit and Near Earth; 

• Transit configuration 

• Optional Maneuvers- coast correction , Venus Swingby, reconfigure 

• Earth Return- ECCV direct entry or ECCV orbit capture or M'I’V capture 



Mars Mission Operations Task Fiow 

Cryo/Aerobrake 
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Mars Mission Operational I’ask Flow 
Cryo/Aerobrake 
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Cryo/Aerobrake - Operating Modes and Options - Other 


Presented here is a launch configuration for the externally nraunted, fully ^^bled aerobrake. 
This notion has been called “Ninja Turtle” launch configuration. While the imo^ uivesngation o 
S^SdiT^eS wtSnaily Jnounted indicated that “more work” had to be done the 
as a viable option; some launch considerations such as shrouds and fauings were not , 

the originalcalcuiation which was based on a design stetch. The 

of two^^brakes instead of one and was, again, a prehrmn^ and 

laiinrh configuration deserves further analyses. It parallels the configuranon of the Shuttle ^d 
would solve STproblems of on-orbit construction of the aerobrakes and severely volume Imuted 


launches 
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Shuttle Derived Aerobrake Launch Option 
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Shuttle Derived Aerobrake Launch Option 
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rv. System Description of the Vehicle 
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Parts Description 
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Description 


A. Part Descriptions 

The first set of charts tabulates subsystem characteristics for the seven flight vehicle 

SSSSe^gcnic/acrobrake\ehicle. The following chart presents trade item 

decisions and rationale for subsystem choices. 

The Mars excursion vehicle (MEV) is packaged into an asymmetrical aero^ 
capture and landing. The shape of the brake and the configuration of the MEV are driven 
^the (assumed) 5 degree wake deflection inward of the vel^ty vwtw streamline. The 
parirag ing consideration is placing the center of mass inhne widi the aerodynm^ 
force vector^ alternative configuration includes a Mars surface rwnnaissanw (^R) 
vehicle which is mounted on the aerobrake for Mars capture. TJie MSR vehicle 1^ at a 
different site than the manned lander, then returns a sarrqile to the manned laimer for return 

to Earth. 

The Mars transfer vehicle and Mars excursion vehicle are do^ togethw d^g *e 
planetary transfers to gain the use of the combined volumes for crew habita^n. A ^ort 

duration crew module is used for return to orbit ^ carries a otw of four. ^ 

includes the atw module, descent and ascent stages, and a surface habitat The MEV rm a 
iftnHitig leg span of almost 20m and a height ovo^ of 14m. Several views are provided 

from a computer solid model of the MEV, 

An Earth crew capture vehicle is used for crew return to the Earth’s surface. The 
configuration shown is for a crew size of five, although sub^uent analysis indicates a 
six IS to Drovide adeouate ciew s lcill redundancy* 


Habitation Module Weight Trade Study. This study conadered^erent module 
shapes for varying crew size, to determine least weight mlunons. teiary a^ s^e 
secradary structure woe considered in this study as weight disoin^^. It wm 
assuniStiiat certain penetration-related secondary structure (airlocks, hatches, windows) 
and interiors (non-pressure bearing floors and w^s, 

be sienificantly different in weight across the opuons. The results indicate larger diameter 
(i.e. m^ spherical) modules are lighter than the SSF design for large crew sizes. 

Tbc selected module concept has a 7.6m diameter and a 2:1 aspect ratio with elliptical end 
domes. 

Cryowmic BoUoff Code Tank Estimation. Tank character's m ^ction of 
oDo^e nressure and multilayer insulation thickness were estuna^ esm^s 
^^aied^ the computer model agree well wth the actual mass of the Space Shuttle 

External Tank when the External Tank capacities arc used. 

Relfltive Development Effort Comparison. 

each propulsion clement in a total Lunar/Mais program wot m^ fw 

/.^m Wnarinns of piopulsioii. The nuclcar thermal rocket yield^ tte lowwt effort estu^ 

on a reladve scale. This is only a gross comparison, not considering the differing cost of 

propulsion developments. 
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Subsystem Summary 
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ECCV 

Apollo 

Command 

Module 

type 

J 

Battery 

storage 

N/A 

MEV Crew 
Module 

ApoUo/LEM 
type complete 
flight Ctrl 
system 
Onboard 
health 
monitoring 
equip 

2.3 kW 
fuel cell 
for Des/Asc, 
solar arrays 
for surface 

N/A 

MEV Ascent 
Stage 

Main 

ptr^ulsion 
C&l. Cryo prqp 
monitor sys.. 

Distribution 

sys. 

Back-up 
fuel cells 
system 

2-34k Ib. 
w/engine out cap. 
Ext/ret nozzles. 
Isp=4ti0 

MEV Descent 
Stage 

Main 

propulsion 

C&I, 

Aerobi^e 
attitude control 

Distribution sys.. 
Back-up fuel 
cells system 

4-34k Ib 
w/engine out 
cap. 

Extendibie/retrac. 

nozzles 

Isp=460 

MTV TEI 

Stage 

Main propulsion 
C&I solar 
array 

positioning 
control, RMS 
pos. ctri. unit, 
Aeroshell 
integrity 
monitor 

Distribution sys.. 
Back-up fuel 
cells system 

u 

& V 

5 

MTV TMI 
Stage 

Main propulsion 
controls / 
instrumentation 

Disnibution 
sys.,post 
separation 
battery power 

5-200k lb adv. 

engines 
(ASE),w/eng. 
out cap., stage 
T/W=0.4, Large 
area ratio,Isp=47S 

MTV Crew 
Module 

SSF derived 
command, cntri, 
& data handling 
equip., ONftC 
platfonns, new 
comm, systems, 
health monit, 
aerobrake attitude 
control 

15 kW, solar 
arrays 
w/ battery 
storage 

N/A 
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MEV Ascent 
Stage 

N/A 

V/N 

MEV Descent 
Stage 

N/A 

N/A 

MTV TEI 
Stage 

_ 

N/A 

N/A 

MTV TMl 
Stage 

N/A 

N/A 

MTV Crew 
Module 

SSF derived 
with all 
resupplies and 
change-out 
equip, onboard. 
Closed on H20 
and 02 

40-50 cubic 
meters habitat 
volume/person. 

Dedicated 
radiation shelter. 
SSF level of crew 
comfort; shower 
etc. 

Subsystems 

ECLSS 

Crew 

Accomm. 
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Mars Mission Trades & Issues 
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Mars Excursion Vehicle (MEV) 


w 00 « 

73 'C 2 

o ^ o 

c ^ £ 

sis 

•mm •mm «) 

oous f 
c «o “ 

^ ^ c . 

c a> BA ^ 

S o y 

S •S « 

-o 00 “ *0 

J 2 *§1 

W O ‘S 

&. « £ P 

9 V *£ u 

1 si:: 

«S .9 ^ O 

. p S 05 

mi 

.si -al 

g . § g 

^ eb V a> 

fli ^ -V 

f 00 . ft> 

^2 §« 

. O ‘S (SO 

5 S.2-S 

I ^l§ 

^ £ 4> .2 

"S «o S 

09 & 4> V 

« 9 ^ » 

a> *o C «o 

'S 2^ 
2«2 2^ 
•9 cn S a. 
o S fls o 

« €8 o ^ 

* so e8 

0> S V 

•S 8'S 

Q ^ 9 . ap 

«.S 

•S SI'S 

JS « 8-S 

o »S a> 



D615-10026-2 


354 


II 



pr^ 


fi 

o 


es 

u 

S 

01 ) 


e 

o 

U 

cz 


o 

< 

i 


LLI 
C J 


(D 


C. ) H 

— '•C (/^ 
Q ^ C_ > 
<r,.cj* t/).c/) 








MEV Aerobraking Constraints 





MEV with Mars Site Reconnaissance Vehicle 
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Common Short-Duration 

Crew Module 
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• SSF diameter cylinder. 

• All penetrations occur in cylinder section. 

• Ail structural attachments at girth rings. 

• Conunon ellipsoidal end domes. 8912.11 




Mars Excursion Vchicle (MEV) 
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Mars Excursion Vehicle (MEV) 
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(4) Descent Engines 
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Earth Crew Capture Vehicle (ECCV) 
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Cross Section Top/Plan View 
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Reference Concept Mass Analysis 
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Module Concept Selection 
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Module Concept Selection 
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Lightest weight (transportatloD cost critical for exploration vehicles) 

Welded-metal technology feasible here, well-understood 
Prime opportunity for M&P Improvements, however 
End dome complication less than for 10 m sixe 

Commonality In growth architectures more appropriate for surface system applications 



Cryo Boiloff Code Tank Properties 
Prediction for ET Sized Tanks 
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Comparison of Predicted Tank Masses & 
Fractions With the External Tank 
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Legend: (I) least development effort; (6) most development efiorl 
Expected total resources that must be expended for such a propulsion 
element to acheive flight readiness 
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Major Propulsion Element List for Specific Vehicle Sets 

to Satisfy Lunar & Mars Objectives of 2000-2030 HEI Program 
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B. Weight Statements 

Sunnnaiy weight estimates are provided for the Ctemical/aerobrake vehicle for 

the 2015 opposition mission opportunity. Assumptions made in the weight estimates 

include: 

• Crew size of 4 

• Use of Earth centre crew return vehicle 

• Mission duration of 565 days, 

• Inqnoved technology (post-1990) for component weights (see technotogy 
section). The reference mass for this mission case is 800 tons in low Earth orbit 
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Desc stage - Reference MEV for 2015 Chem/Aerobrake Vehicle 

Crew of 4,30 day stay, 4 advanced space engines; Isp=475 sec, 251 surf cargo 
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Mars departure stg - Reference MTV for 2015 Chem/Aerob Veh 

Crew of 4,2 advanced space engines; Isp = 475 sec 
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|SS6| Tot M dtp propulsive stg wt 103347 
( at time ofBdep bum ) 
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TMI stg - Reference MTV for 2015 Chem/Aerobrake Veh 

ECCV Return, 4 x 200k Ibf advanced space engines; Isp = 475 sec 

Revision 2 5/22/90 
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Cryogenic/Aerobrake Vehicle 
ArtiHcial Gravity Configuration 

The crvo/ab artificial gravity configuration employs a tether to achieve the ^us desired to 
spin S transfer habitat at 56 m and 4 rpm to produce Ig. The ® 
tethers to avoid having separate power lines running m conjucnon wi* 

the reeling cycles. TTie conductive tether used is nbbon sh^d toavoid 
>ntai ^gi^»nv»nt during the reeling cycles, to better fecilitate "crawler" operanons, and ^au« 
it radiates conductive heat better due to increased surface area over a circular cross-secaon. 


The configuration is a 3 tether planar beam configuration with the crawte. 

communi^ons laser located at the CM. The vehicle sep^tes P<»t-^ 

hab and MEV contiguously connected and the MTV aerota^ 

countermass. The Mars to Earth configuration uses the MTV aerobrake and the^ty 

nroDellant t anks as countermass which results in a longer counterm^s r^us to Keep the 

^Ser habitat at 56 m. If the MTV aerobrake is jettisoned ^ Man m a nonreus^le 

wnarin the Mars to Earth countennass radius would increase substantially to over 2 km. 


The crawler/mast^wer configuration at the CM of the vehicle is deploy^ on trusses that 
nackage into the oawler assembly. The solar array and the commumcations la^ ^ on 
despun joints for tracking, and the entire assembly packages below the transfer m 

the MTV The crawler is divided into 2 sections so that one section can always be ^ the 
CM to support the deployable truss and the tether. The crawler taps inm the aluim^ 
conductor to transfer power fiom the solar array to the crew systems. E^h crawler section 
has 2 small solar arrays for independent power during movement along the tether. 


The cryo/ab mass penalty, when compared to a rcus^lc Og veraon, is - 15%, bi^userf 
the hardware and propellant required to support artificial gravity oper^ons. ^e MTV 
aerobrake would have to increase in size from 30 m to 32 m to a^mm^te pack^g of 
the tether reel, crawler, solar arrays, and communications laser below the transfer habitat 
2 despun joints are also required for die solar array and communicanons laser. 
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Artidcial Gravity (g^) Assessment 

Assumptions 
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Artificial Gravity (g^) Assessment 
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§3 Cryo/AB Configuration 




2 ^ « S 

O □ -tD 

r s 


eQ 

CO 


u 

0) 


D 


J= s 

p .rj o I, 

^ “ w 

f s si s 
K 2 « I ^ 

2 ^ to o ^ 

TO . 


a. o 


wj o 

e w 
o •= 


2 -5 .2 « ^ 

« op W M ^ 

S g « 7 5 

o —« c- o i- 


- s-S «2 
x; o P > M 

«5 I E 

tS o “ 

•p ^ -P 

«• « c 

Ills 

* ^ 4^ C 


•sr 


0^ 

> 


•S 

o 


_ ' CO O 

■Ss-ij-s 
Si 

(C a 

HW - . 
Si -fi •« P C 
-SC « o 

*3 £13 ’§ e S *g 

«s O •& 3 ~ P< 
8 «< P M O B 

|iS|28 

00 H y « 

?|SS- = 


o 

o 


« 5 2 - 2 
8 =3 2 - 

«"i ^ -S s .a 

E . ^:®-S § 

V w ^ 3^3 

:S2:2 1 

2 c4 S « “ 

^ oS:i75f‘a 

“ o 
o 


tf C Cf 
A 


- => 

■S 3 « A 

- - s 

flslt: 

si I «|:i 

P £ S € S .s 




D615-10026-2 


398 



Cryo/AB Configuration 
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Artificial Gravity (g,) Assessment 

Assumptions 
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»ioauie orientation 
- long axis parallel to spin vector 
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Cryo/AB Vehicle Features 
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reusable mission modes 



Cryo/AB Penalty Assessment 
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g, Cryo/AB Tether Deployment Scenario 
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Cryo/AB Tether Deployment Scenario 
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g, Cryo/AB **Crawler/Masl” Configuration 
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6a Cryo/AB Packaging Configuration 
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Cryo/AB Packaging Configuration 
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Tether Crawler Configuration 
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Tether Crawler Configuration 
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Conductive Tethers 
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Conductive Tether Properties 
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/ \ Insulated Aluminum 

Kevlar 29 Conductor 
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Support Systems for the Mars Cryo/Aerobrake Transfer Vehicle. 

The <!umjort svstems necessary for the Mars Cryo/Aerobrake Transfer Vehicle consist of 

S^to^lati^ and interdependent tasks of ground, la^^ 
fimnnd nrocessine foT the Mars Vehicle include mterface iden^canon ^d 
vciifica^OT^ weU as integrated systems testing. As the interface diagrams show, each 
nan of the Mars Vehicle is connected (mechanically, elcctric^y, data-wisc, and/OT flmd- 
SSs? toSSevery other part. Earth-to-orbit (ETO) launch processing is construed by 

both ground and on-orbit considerations. 

intesratine the oavload (in this case, the pieces of the Vehicle) with the Heavy^ 

T onnrh Vehicle (HLLV), and manifesting. The scheduling of harfware to be launched is 
bounded on one side by the ground test and verification program and on Ae other side by 
A^nSS i«mbly plan, ^e selection of Assembly Node and assembly ^^s 
frobotic EVA mix, etc.) are part of this analysis. The systems, facilities, plans, and 
purposes for e^h of these three levels of support ^ included wi^ and represent the 
of effort necessary before a Man vehicle is actually ready to fly.. 

Ground Processing. The first level, ground-based operations, be^s with the 

to to CiycVAerobrake Vehicle. Sul^sj^m^aces 

are to be oerfoimed by the manufacturer, however, once complete sysrems have been 
Svcmimth^SSich site, it is planned to perform system to system mtegranon in order to 
St aiSverify interfaces and system flight rea^css. The ^^o^cru^ ap^ch n to use 
flieht har dware to the greatest extent possible during system test arid verification. The 
ground processing flow to accompUsh these interface tasto ^tenmne when eyh^tem(s) 
Su^be^^able and when each vnU be ready for launch. The generic ground process 
involves: (1) receiving and inspection of the system(s); (2) “““biy of system to system, 

G) verification of interfaces and testing for flight readmess; (A) disassembly of system 
^ system; (5) storage of system for o±er subsequent interface tests; and (5) processing 

of system for launch. 

Launch Processing. Launch processing and sequencing constimre the second levd of 

suDDort svstems Ptocessing tasks include integrated assembly and checkout of Mars 

VeScle svstems with the ETO vehicle. One of the most significant unpacts to Ae assembly 
areiSmiSi SciHties as weU as to the launch vehicle itself may be the opnon of launching 
^S^sSy Stegrated (the "Ninja Turtle" concept). Tliis concept holds promise 

forrSucing on-orbit asrembly problems but raises some processmg and kunch vehicle 

Manifesting analyses are dependent not only upon the ground md on- 
SS?^^SS'al^n“e sSon of the ETO launch vehicle. Several investing 

sSiiS^for a variety of HLLVs. In the majority of cases, the limitmg 

factor is found to be payload volume, not mass, capacity. 

rin^rhit Processing On-orbit operations, the third level of support systenw, pertains to 
S vlucles, the disassembly and mtobishment) of hto 

CrytVAerotaake Vehicle. The choice of Assmbly Node include tom ^l^l«a , 

robotic and man-tended capabilities, accessibility, imcromet^id/<tebm ^tamo , 
ooerating svstems, and on-orbit storage. An on-orbit assernbly analysis h^ teen 

fWr fh«. ^ference vehicle (with the added constraint that the aerobrakes must be 
ta s^SSupo^lni possible assembly platform which ^y be suitable for 
SSf^vo/Aerob^c vehicle This platform was designed to solve two of the major 
nrnhkm with assembly of the vehicle in Low Earth Orbit (LEO): debrw protMUon and 
Sibrake construction.^ The STS External Tanks sot as both protection^and a ba« upon 
which assembly mechanisms, storage, and vehicle integration may be performed, ^us is 
not intended to^te the final solution to these problems; rather, this smdy serves to show one 
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possible solution at one possible node. The resulting analysis indicates that the main 
delimiter in assembly rime is the launch ftequency of the ETO vehicle. 
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Mars Mission Operational Task Flow 

Cryo/Aerobrake 
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Shuttle Derived Launch Vehicle Approach 
For Lunar/Mars Initiative 
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Shuttle Derived Launch Vehicle Approach 

for Lunar/Mars Initiative 
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Crew transferred from SSF in ACRV/OMV when needed 

SSF resource node contains workstation for MAP local control 

SSF PLM/OMV used for resupply of consumables/crew provisions/MMV spares 
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HLLV Mission Nine thru Eleven (3 Stage) 
- TMl Propellant 
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length of time processing in workdays, based on a 16 hour workday 
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Integrated Aerobrake Launch Option 
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Size Comparison SSF Launch Facility With 

Aerobrake Footprint 


o ^ 

C 

CL*C 

CC Q,- 

uT O 

o p 

-O ^ 

u ^ 
O w 

^ c 

o 

C3 o 
*0 Ou 

1 E 

C ’u 

&> o 

E I- 

O 


S 

cr.Si 
P .ti 
> 

o 

x; « 

0^ £ 
^ 0^ 

Urn CA 

S CO 


0^ 5 

CO n 

*J CO 
O 

— e 

€ i 


c u 
o 

rt 

2 ^ 

CO o 

V ^ 

Q CO 
CO . 

CX Q 

c/5 c: 

o — 

^ I 

cc 

6« Q 

C ^ 

‘C w 

o s 

• 2-5 

■o ^ 

eo •— ■ 

O . 

>*2 

g..Sl3 

SL-S 

CO O SJ 

CO ,p c 


Jg 


O 3 
O' 

E « 
e t: 

BO o 
CO Cu 

**5 u 

^ 3 

CO «« 


C ^ 

CO ^ 

c o — 

*5 ^ 

f S-.2- 

U, :3 

■“ o S 

s — s 

o'S< 

’1*^3 

3 cA .2 

«i 

es a> 3 
O ^ Ch 

— CO 
^ 00 S 

'^^.S s 

c ^ *0 

.2 o S 


CO ^ 


.£ CO i 


8 — ^ 
ee ‘o 8 


CO 2 
•« G 

C 2, 2 

00 CO 3 


D615-10026-2 


544 





Mars Aerobrake Assembly and Integration 
at tbe VAR 


,0) 3 

^ o 

5 

CN “ 

On T3 

‘o S 

tn ^ 

S e /5 

o c 

2 

c ^ 

E 

• W 

•o 

« U 

•S a; 
js 

±3 ^ 

S £ 

— o 
.52 < 

C3 ^ 

U. ^ 

5 ^ 

2 J 

«.s 

ffl ^ 

< tO 

^ <u 
eo'£ 

.£ e 

153 — 

rr c 
n o 

«0 2 ^ 
E CO 

0) "w 
CO O C 
V 5 O 

N 


00 *C 
.£ • O 

« •= 

•c M 
^ ” 

> « 'S 

— i! 

c 2 « 
^ ^ ■■■ • 




2 = 

u u 2 

4j ** *“ 

^ U U 

psa 



QO 

CO 


L« 

a> 


E 

0/ 

n 

A 

£ 

00 

00 

fs 

<s 

« 

« 

• 



D615-10026-2 


546 


U 


,'STCAEMAIk*/12June90 


Mars Aerobrake Assembly at VAB 



*/STCAEMAIkV5June90 



Mars Aerobrake Launch Option 
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Aerobrake Launch Option 
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Launch Site Impacts 
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- Revised launch commit criteria for maximum winds at launch 



Aerobrake Preflight Operations 
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Aerobrake Preflight Operations 
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Ground Assembly and Check Out 
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MEV System Interfaces 
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Sequential Interface Verification 
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Ground Processing Functional Flow 
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Ground IVuced^iiig Fiiiicliuiial Flow 
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Technology Needs and Advanced Plans 
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Technology Issues - Cryogenic / 
Aerobraked Vehicle 


I. Introduction 

Technology issues relating to the reference vehicle are presem^ in this secOOT. 
Some of Se chaiS^aie also included in the NTR. N^. and SEP IP&ED documents. The 
focus of this section will be to bring out those issues important to the reference cryogenic 
vehicle from these charts, and to present a senes of technology level requ^ments 
nLessarv for the reference vehicle.The most important technology development needs for 
this op^n are in the areas of high energy aerobraking, and cryogemc fluid storage and 

management 

TT- Technology commonality Issues 

The following nine charts lay out the important technology commonality issues 
between the major propulsion options as well as across the seven major mssion 
Stectures identified Si this smdy. The reference vehicle exhibits commonality, ^d 
therefore is a good “building block” for the other vehicles in several imjportam are^ ^e 
transfer crew module is substantially the same as for all the other opnons. The WE is 
across all vehicle options, except for the cryogenic propellant mMagement an 
storage issues. The demands placed on the avionics system for the chemic^ systetn are 
sSiillr to those for the NTR, and probably greater th^ those 

NEP and SEP options. Finally, in-space assembly issues should be simil^ for the 
reference and NTR vehicle, with the exception of the related nwlear issues ^sociated with 
the NTR. Assembly issues relating to the NEP and SEP, while duplicate in some areas, 

will be uniaue in most areas. . , . « 

The seven identified Lunai/Mars mission aiclutectuies verses the 

component technoiogies, enabling and enhancing, ate shown on 

fecinff oaee text Many of these component technology issues are comnaon across the listw 
SdtiSs mSucs^ for the entire integrated architectures, and do not necessarily 

refer specifically to the reference vehicle. Cryogemc/^bral^ vehicles^ ^^S°of 
of the^hitectures for initial Mars missions, and for all e^y Lunar missions. The 
high thrust cryogenic propulsion, and high energy aerobraking are the primary areas of 
technology development concern for the rcfciencc option. 

m. Technology Development Concerns 

As noted before, many of the identified critical and high leverage technolo^ 
develooment issues are common across all four major vehicle options. Co^on mticd 
ttchnofogy issues include low-g human factors, autonomous .system heal A momtoMg, 
lone term cryogenic storage and management (H2, and possibly 02 for EC1.SS), long 
duration eSsS, radiation shelter material and configuration, pd in-space assembly. 
Su^c^o/AB technology issues include high energy aerobrakmg, and l^ge advanced 
soace e^ine advanced development. Enhancing technologies include cryogenic 
refrigeration (lander tanks), 02-H2 RCS, advanced in-space assembly techniques, higher 
Isp CTyogenic engines, and advanced structural matenals development 
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IV. Cryo/Aerobraked Vehicle Technology Requirements 

Technology perfonnance. levels required for the reference cryogenic vejucle ^ 
oudined in the next eight charts. These are not intended to be the levels needed for a 
minimum vehicle, but serve mainly to document 

n«Sy affca the feasibiUty of a chemieal “"sston but 
SSe S^^ereKc vehiL configuradott. The list also mcludes operanon^ 

reotliretnents which could drive technology development or “*''“bed 

SSe of this could be the requirement of wet launch^ tanks, i^er thm filling on orbtt, 

which would affect tank design, and possibly in-space thennal performan . 


V. Cryo/Aerobraked Technology Development Schedule 

The final chart in this section is a proposed technology deyelopmrat ^^hc^ule for 
die nuclear electric propulsion opdon. The schedule A fM :n - 

STriso U^ghted during year 7. This is the point where a commitment shouid be 
maHf. for full scale funding and development of the program. 
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Required Technologies vs. Alternative Mission 

Architecture (Cont.) 
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Required Technologies vs. Alternative Mission 

Architecture (Cont.) 
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Required Technologies vs. Alternative Mission 

Architecture (Cont.) 
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Lunar / Mars NEP 
Alternative Architecture 




Mars Reference Vehicle Technology 

Requirements 
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Mars Reference Vehicle Technology 

Requirements (cont.) 
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a. Metal matrix composites / advanced alloys / organic matrix composites. 

b. Micrometeoroid protection for habitat structure (shell and insulation). 
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E. Power 

1. Level - 15 kW. 

2. System: Solar arrays with battery storage (NiCad). 

3. Back up system: NA 
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Mars Reference Vehicle Technology 
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4, Throttleability = 15:1. 
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Preliminary Identified Lunar/Mars Reference 

High Leverage Technology Issues ^ 
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Technology Development Concerns and Schedules - Cryogenic 
All Propulsive Vehicle 


Critical technology development issues relating to the reference vehicle are 
nfv<:ented in this section Where applicable, the same charts are also included in the CAB, 
NTO SH> IPftED dociSents. The focus of ihis secaon wiU be lo tang out the 

to the reference ™c all » 

nrccpnt TTmliminarv technology development schedules for these issues. The issues are 
^sented here i^utlinc form, beginning with the most important, with accompanying 

schedules wherever possible. 


Wsin"e”of hfghtneTS f” “T"- 

cryogel proTulstr^d fld/managliem b«ot«s the most 

(tevelopment concern in the area of vehic e benefit. The high Isp of a system 

/A/: n A 9 n c\ rnav orove enabling for an all propulsive mission due to the massive vehicle 

stz^wW?hTurresdrfrSSfS^^ lower V (280-360 s with metallic gels) s^ 
systems The long term storage and low-g fluid management of ciyogemc 
with long lifetiiM, in-space restartable cryogenic engines w the mjw technology 
S«lonment oince^ for a cryogenicaUy fueled vehicle. Preliminary technology schedules 
^ r^Sd S cryogenic fluid system deve opmen 

^ bSi Lunar and Mars appUcations. The cryogemc space b^ed engine 
effOTt bl^s with the planned AETB work at LeRC, and continues on to development 
work for^large engine for Mars applications. The cryogenic flmd systems schedule 
includes Earth^basedAermal control and selected management 

Uquid acquisition device effectiveness, etc.) tests, as weU as planned flight experiments to 
carry out system and subsystem validation tests. 


''*'’“''ai5;^u“X“'' v'' of '"tote avionics and sofnvam is ahe^ 
Of many of the other technoloiy areas Usted in some 

in the areas of processing rate, accuracy, autonomous .f^^SXed S 

monitoring will drive technology and advanced development m areas not fully ctefined 
momtonng rponirements cannot be fully determined until the vehicle design is at a 

SKS^Sa^^to aSte^r A preliminary rehedute for autonom^s 

svstems development is presented. The decision points for full sc^e deveiopment^e 

communications system options can be more fully defined bef^ a final 
JSStatevm. A tcctaology development schedule for advanced commumcanons is 

presented. 

Life redundant long term life support system be enabling for 

SS?SS'°d“vei?pmen?!oncems. Low-g human factors dett^ation will also be 
nn imnortant technology consideration which will drive vehicle design. An integrat 
“lSteT*e ^ior J^as of the life supppn technology tteveloi^t ^ 

St^. tf-a '“hate Lunar and Mta full scala development dectstons 
ran Inricallv be made in the technology program are highhghted. 


PRE(l€rMNG 
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Aerobraking (low energy) 

Low energy aerobraking will offer mission benefits in the areas of decreased 
demands on the descent propulsion system, and improved crossrange capability. This area 
presents a variety of issues for technology development including high strength to mass 
ratio structural materials, high temperature thermal protection systems (although not as high 
as for high energy aerobraking), avionics, assembly and operations, hypersonic test 
facilities and computer codes, and Mars atmosphere prediction. High strength structural 
material options include metal matrix composite, organic matrix composite, and advanced 
carbon-carbon elements. Other structural considerations include load distribution and 
attachment of payload for aerocapture, and ETO launch and assembly of large structures. 
Thermal protection systems issues include low mass ablative and reradiative materials, and 
stmcture/TPS integration issues. The aeiobrake maneuver will place considerable demands 
on the vehicle avionics system with the need for real time trajectory analysis, and vehicle 
guidance and control. The launch and assembly of the large aerobrake structure will present 
ground and space assembly and ops problems which will require technology and advanced 
development in both the areas of design and operations. Finally, computational analysis 
and atmosphere prediction capability will be critical in the development of a man-rated 
aerobrake for Mars use. A preliminary development schedule for Lunar and Mars aerobrake 
technology development is presented. It includes the major milestones for both ground and 
flight testing. The points where a Lunar and Mars full scale development decision can be 
m ade are also higl^ghted on the schedule. It should be noted that ^s schedule was built 
with high energy aerobraking in mind, and will possibly be compressed to some degree if 
only low energy aerobraking is developed. 

In-Space Assembly and Processing 

The in-space assembly and processing of large space transfer vehicles will present a 
variety of technology advanced development challenges, particularly for the large LTV and 
MEV aerobrakes. As shown on the accompanying schedule, extensive ground tests must 
occur before any orbital work can be initiated. The vehicle designs will be driven to a large 
degree by the assembly facilities and technologies seen as being available during the vehicle 
buildup sequence. 

Summary 

As noted before, many of the identified critical and high leverage technology 
development issues are common across all of the major vehicle options. Common critic^ 
technology issues include low-g human factors, autonomous system health monitoring, 
long term cryogenic storage and management (H2, and possibly 02 for ECLSS), long 
duration ECLSS, radiation shelter material and configuration, and in-space assembly. 
Unique cryo all propulsive technology issues center around large advanc^ space engine 
advanced development. Enhancing technologies include cryogenic refrigeration (lander 
tanks), O 2 -H 2 RCS, advanced in-space assembly techniques, higher Isp cryogenic 
engines, and advanced structural materials development 
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Facilities 

The facility needs have only been identified in this study; the extent of the impact is y®t Jo 
be detennined. A "bona fide" facility development plan has not bwn done as some of the 
requirements are only at a top-level needs evaluation. ThOTfore, ±e e^t na^of the 
suWstems and their support facilities are undetenmned. When Aese deten^nons have 
been made for the final NASA selected vehicle, the results must be mtegrated with the 

vehicle development schedule. 

In addition to the information here, additional facility and equipiMnt detail is shoira in 
Ground subsection of the Support Systems section of this text The volumes for the 
baseline Cryo/Aerobrake vehicle for assembly, storage, and launch pwessmg m shown 
in the "Facility Requirements" chart. Processing time shown in the Assembly Time per 
Mission" chan. All impacts will be to increase the processing time and wOrkmg volumes 
required. Any facility requirements must be viewed in the light of and mcorporated uito 

the National Launch Facility Plan. 
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Facility Requirements 



Assembly Volume 

Storaoe Volume 1 Launch Processino 

1 

20694.13 

0 

0 

2 

20694.13 

0 

0 

3 

42233.11 

0 

0 

4 

56989.01 

0 

0 

5 

69879.77 

10129.05 

0 

6 

54623.87 

10129.05 

0 

7 

39222.88 

25031.66 

4626.85 

8 

39222.88 

25031.66 

0 

9 

49351.93 

14902.61 

0 

1 0 

20694.13 

25031.66 

18528.75 

1 1 

20694.13 

34296.04 

0 

1 2 

20694.13 

34296.04 

0 

1 3 

20694.13 

25031.66 

9264.38 

1 4 

39481.26 

25031.66 

0 

1 5 

39481.26 

25031.66 

0 

1 6 

0 

25031.66 

16912.13 

1 7 

18528.75 

25031.66 

0 

1 8 

18528.75 

10129.05 

0 

1 9 

0 

25031.66 

18528.75 

20 

0 

34296.04 

0 

21 

0 

34296.04 

0 

22 

0 

25031.66 

9264.38 

23 

0 

25031.66 

0 

24 

0 

25031.66 

0 

25 

0 

10129.05 

14902.61 

26 

21207.95 

10129.05 

0 

27 

21207.95 

30387.15 

0 

28 

0 

30387.15 

21207.95 

29 

0 

30387.15 

10129.05 

30 

0 

30387.15 

10129.05 

31 

0 

20258.1 

10129.05 

32 

0 

20258.1 

10129.05 

33 

0 

20258.1 

10129.05 

34 

0 

20258.1 

10129.05 

35 

0 

10129.05 

10129.05 

36 

0 

10129.05 

10129.05 
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Cryo Aerobrake 


Programmatics 


The objectives of the Prograiimatics task doling the current phase of the study were: (1 
inihal scheduies that include initial critical path program elements; (2) intti 
descriptions of new or unique faciUties requirements; (3) development of a stable, clear, 
responsive work breakdown structure (WBS) and WBS dictionary; (4) inmal reahstic 
estimates of vehicle, mission and program costs, cost uncertainnes, and funding prome 
requirements; (5) initial risk analysis, and (6) early and continuing infusion of 
programmatics data into other study tasks to drive requirements/design/trade decisions. 


The issues addressed during the study to date included: (1) capmnng all potential long-lead 
program items such as precursor missions, technology advancement and advanced 
development, related inftastmcture development, support systems and new or modified 
facility construction, since these are as important as cost and fundmg in asse^mg go 
achievabUity; (2) incorporating sufficient operating margin in schedules to obtain ig 
probability of making the relatively brief Mars launch windows; (3) the work breakdown 
structure must support key study goals such as commonality and (4) cost estimanng 
accuracy and uncertainty are recurring issues in concept de6iiition studies. 


Introduction 

The study flow, as required by MSFCs statement of work, began with a set of strawti^ 
concepts, introduced others as appropriate, conducted "neckdowns", and concluded wi a 
resulting set of concepts and associated recommendations. 

As the study progressed, much discussion among the SEI community centered on 
■architectures". In this study, architectures were more or less synonymous with concepts, 
since the statement of work required that each concept be fully developed tncluding 

operations, suppon, technology, and so forth. 

We started with ten concepts as shown in "Overall Study Flow" chart. After the 
"neckdown" was completed, significant effort was put into programmancs. 
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As was indicated earlier, we established three levels of activity to evaluate in-space 
transponation options. The minimum was just enough to meet the President's objectives; 
in fact "return to the Moon to stay" was interpreted as permanent facilities but not 
permanent human presence. The minimum program had only three missions to Mars. The 
median (full science) program aimed at satisfying most of the published science objectives 
for Lunar and Mars exploration. The maximum program aimed for industrialization of the 
Moon, for return of practical benefits to Earth, and for the beginnings of colonization of 
Mars. The range of activity levels, as measured by people and materiel delivered to 
planetary surfaces, was about a factor of 10. The range of Earth-to-orbit launch rates was 
less, since we adopted results of preliminary trade studies, selecting more advanced in 
space transportation technologies as baselines for greater activity levels. The high,level 
schedules developed for these three levels of activity are shown in the "Minimum 
Program", "Full Science Program" and "Industrialization and Settlement Program" chans 
and a comparison of them for both Lunar and Mars is shown in the "Lunar Program 
Comparison" and "Mars Program Comparison" chans. The Cryogenic-All propulsive 
systems were derived from the Cryo/Aerobrake systems be adjusting the size of the Trans- 
Mars Injection Stage and eliminating the aerobrake from the materials costed. 

Schedule/Network Development Methodology 

A PC system called Open Plan by WST Corporation was used, which allows direct control 
and lower cost over a larger (mainframe) system. The network was purposely kept simple. 
Summary activities were used in development of the networks. When detailed to a lower 
level, some activities will require a different calendar than we used. One calendar with a 
five day work week - no holiday was used. Utilizing multicalendars on a summary 
network could confuse the development. The Pre lim inary WBS Structure Level 7 was 
followed for selection of work to be detailed. An example of Level 7 is: MEV Ascent 
Vehicle Structure/Mechanisms. We then developed a generic logic string of activities with 
standard durations for like activities. This logic was then applied against each WBS Level 
7 element. To establish interface ties between logic strings and determination of major 
events, we used the Upper Level Summary Schedule and Summary Level Technology 

Schedule. 
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Goals/Purpose 


There were two goals for the schedule/network development These were. 

a. Guidelines for Future Development. The schedules are a preliminary road map to 
follow in the development program. 

b. Layout Basis Framework for Network. The networks can be used for future detail 
network development. This development can be in phases retaining unattended logic for 

areas which can be be detailed. 

Status 


Six preliminary networks have been developed. They are: 

- Lunar minimum 

- Lunar full science 

- Lunar industrialization 

- Mars missions 

- Mars full science 

- Mars settlement 


These networks will be further developed as information becomes available. The 
technology development plan schedules are shown in the Schedules subsection of this text; 
an example of the standard 6 year program phase C/D schedule is shown in "Reference 6 
yr. Full-Scale Development Schedule" chart. The networic schedules developed during the 
study are available in the Final Report Costs Data Book and the WBS. 

Facilities 

The facility requirements and approaches are discussed in the Facilities section of this text. 
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Development Implementation 

The integrated technology advancement and full-scale development schedules for the 
Cryogenic/Aerobrake is shown for the subsystems in the Schedule section of this 
document. The MEV is developed according to the above mentioned standard 6-year FSD 
schedule. The Man-rating schedules for critical systems, that must be accomplished before 
first flight, are given in the next six man-rating charts. The long-duration Mars Tansit 
Habitat, and its critical subsystems, will require operational testing in space to qualify for 
the Mars mission. How all development and testing is actually done depends on program 
interrelationships between lunar and Mars missions. 


Work Breakdown Structure 

The approach to developing a WBS tree and dictionary was to use the Space Station 
Freedom Work Package One WBS as a point of departure to capture commonality, 
modularity and evolution potentials. We worked with MSFC to evolve the WBS illustrated 
in the six WBS chans given in this section. The WBS dictionary details are provided with 
the WBS tree in a separate deliverable document 


Cost Data 
Overall Approach 


Space transfer concept cost estimates were developed through parametric and detail 
estimating techniques using program/scenario plans and hardware and software 
descriptions combined with NASA and subcontractor data. Our estimating approach 
simulates the aerospace development and production environment It also reflects program 
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options not typical of aerospace programs, 
program planning concepts. 


This flexibility allows assessment of innovative 


Several tools were employed in this analysis. For developing estimates the Boeing 

Palenic Cost Model (PCM) designed specificaUy for advanced system 

used. It utUises a company-wide, unifomi computerized data base « 

data compUed since 1969. Tbe second major tool is a Boemg 

Model The third tool is the Boeing developed Return on Investment (ROD Analyses. 


The approach to cost estimating was to use the PCM to establish 
manufacturing cost of major hardware components or to use oter ‘'-S- ^ 

Worldng Group estimator) if they were considered superior and then feed them to the 

model, variations on equipment hardwara or tuDsion almmatives can ^ 

LCC and then compared for a return on investment. Tliis flow is illustrated in the Cosnng 
Methodology How" chart We were able to investigate alternadve concepts quickly, giving 
X^rigners mom data for evolving scenario/mission responsive concept. 
tLisportation concepts, trade studies, and "neckdown" efforts were supported by this 

approach. 

Parametric Cost Model 

PCM develops cost from die subsystem level and buUds upward to obtain total (nog^ 
cost Costs are estimated from physical hardware descriptions <e.g„ weights ^d 

complexities) and program parameters (e,g., quantities, learning “ “'^odel 

levek) Known costs are input directly into the estimate when available, the mode 

res»s the necessary system engineering and system test effom 

“L the progrant The PCM worldng unit is man-hours, which allows mlanonships to he 

ohvsical hardware descriprions first to design engineering or basic factory labor, an 

^ ^ • f'Anni structure to pick up functional areas such as systems 

through the organizational structure to picx up , . q fnr 

engineering, test, and development shop. Using man-hours instead of dollars for 

eLahng mlationships enables more reliable eshntos. The PCM featuras^main mput , 

and results are shown in the "Boeing Parametric Cost Model (PCM) chart TOe aw ica e 

PCM results, in constant 1990 doUars, are then put into the Life Cycle ost o e 
.... 1 . for the various missions/programs. The various hardware components 
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costed for the three different missions/programs are shown in the "LCCM Hardware 
Assignments" chart. As stated above, adjustments were made for the Cryogenic-All 
Propulsive from the Cryo/Aerobrake configuration. 

The development of space hardware and components needed to accomplish the three 
different Lunar/Mars missions were identified. These components are grouped into three 
different categories defined below. 

HLLV fHeavv Lift Launch Vehicle) is the booster required to lift personnel, cargo and 
fuels into LEO and support the LEO node operations. 

Propulsion Includes the space propulsion system required to transfer people, cargo and 
equipment out of LEO and into space. Space means Lunar, Mars and Earth destinations. 
Propulsion Systems also include an all-propulsive cryogenic Trans Mars Injection System 
(TMIS) for the Minimum Mission, the Nuclear Electric Propulsion Stage for the 
Settlement/Industrial Missions. 

Modules Include the space systems that are required to transfer people, cargo and 
equipment from LEO to Lunar and Mars orbit; to de-orbit and sustain life and operations on 
the Lunar and Mars Surface; and, finally, to return personnel and equipment to LEO. 


- Cost Buildups 

The PCM cost Model can be used directly to obtain complete DDT&E cost, including 
production of major test articles, by entering into the manufacturing section the equivalent 
numbers of units for each item, including the first flight article. However, when operated in 
this way, PCM does not give the first unit cost. To save time, we operated PCM so as to 
give first unit cost, which we needed for life cycle cost analyses, and used the first unit cost 
to manually estimate the test hardware content of the DDT«S^ program. The "wrap factors" 
shown in the cost buildup sheets were derived from the PCM runs as the factor that is 
applied to design engineering cost to obtain complete design and development costs, e.g. 
including non-recuning items such as systems engineering and tooling development 


Life Cycle Cost Model 

The LCCM cost data is a composite of HLLV costs, launch base facilities cost estimate 
based on $/sq. ft and parametric estimates derived ft’om the Parametric Cost Model. The 
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principal source of information is from the PCM. All hardware cost estimates, with the 
exception of HLLV, have been developed with this model. 

The LCCM consists of three individual models. One model is for the Minimum Program 
Scale- the second is for the Full Science Program Scale; while the third model is for the 
Settlement/Industrialization Program Scale. The Minimum Program meets the President's 
Space Exploration Initiative (SEI) objectives. These capabilities include permanent Lunar 
facilities but not permanent human presence and three missions to Mars. The Full Science 
program not only meets the President's SEI objectives but also provides for long term 
bases for far-ranging surface exploration. The Settlement/Industrialization program 
accomplishes the objectives of the Minimum and Full Science program scales and 
additionally returns practical benefits to Earth. These models were developed using the 
three architecture levels described in the Boeing manifest worksheets. Total cost for each 
system are tabulated by year and each year's totals feed into a summary sheet that calculates 
the total program cost for each level. Since the LCCM results are mission related, not just 
vehicle related, they are not provided here but are available in Final Report Cost Data Book. 
The LCCM was developed using Microsoft Excel version 2.2 for the Macintosh computer. 
Any Macintosh equipped with Excel 2.2 can be used to execute the model. 


Return On Investment 

One of the principal uses of the LCCM is to develop trades and return on investment for 
technology options. As shown in the "Costing Methodology How" chart, two separate 
life cvcle cost models (which include DDT&E and production cost data derived from the 

cost models ) mus. be developed for each ROI case; a reference, and a case 
utilizing a technology option. The two life cycle cost streams are separately entered, and 
the ROI model is executed. The flow also illustrates that not all of the data entered mto the 
life cycle cost model is derived from avaUable costing software. Technical analysis must 
accompany this data. For example, the number of units which must be produced for the 
DDT&E program must be determined. This is done at the subsystem level based on 
knowledge of past programs, and proposed system/subsystem tests. Since the ROI 
analysis is mission related, not just vehicle related, the data is not presented here but is 

available in the Final Report Costs Data Book. 

Results 


D615-10026-2 


631 



A summary of the cost data produced by the PCM for the CAB vehicle are given in the 
"Mars CAB Preliminary PCM Summary" and "Mars CAB Preliminary PCM Summary - 
continued" charts . The PCM program was used to produce DDT&E and production cost 
estimates for each of our reference Mars and lunar vehicles to the subsystem level. The 
DDT&E costs generated by the PCM do not include all of the necessary hardware for the 
first mission vehicle. Hence all necessary additional units (prototypes,test units, lab units, 
etc.) were added into the vehicle cost buildups as shown in the "CAB Cost Buildup" 
chans. The total DDT&E includes additional costs (e.g.. additional units in the DDT&E 
program), contractor fees and the engineering wrap factor. The total DDT&E from the cost 
buildup and the unit cost from the PCM arc the primary vehicle cost inputs to the LCC 
model 
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Risk Analyses 




Risk analyses were conducted to develop an initial risk assessment for the various 
architectures. This presentation of risk analysis results considers development risk, man¬ 
rating requirements, and several aspects of mission and operations risk. 


Development Risk 

All of the architectures and technologies investigated in this study incur some degree of 
development risk; none are comprised entirely of fully developed technology. 
Development risks are correlated directly with technological uncertainties. We identified 

the following principal risks: 

Cryogenics - High-performance insulation systems involve a great many layers of multi¬ 
layer insulation (MU), and one or more vapor-cooled shields. Analyses and expenments 
have indicated the efficacy of these, but demonstration that such insulation systems can be 
fabricated at light weight, capable of surviving launch g and acoustics loads, remains to be 
accomplished. In addition, there are issues associated with propellant transfer and zero-g 
gauging. These, however, can be avoided for early lunar systems by proper choice of 
configuration and operations, e.g. the tandem-direct system recommended elsewhere in this 
report. This presents the opportunity to evolve these technologies with operations of initial 

flight systems. 

Engines - There is little risk of being able to provide some sort of cryogenic engine for 
lunar and Mars missions. The RL- 10 could be modified to serve with little risk; deep 
throttling of this engine has already been demonstrated on the test stand. The risk of 
developing more advanced engines is also minimal. An advanced development program in 
this area serves mainly to reduce development cost by pioneering the critical features prior 

to full-scale development. 

Aerocapture and aerobraking - There are six potential functions, given here in approximate 
ascending order of development risk: aero descent and landing of crew capsules returning 
fi-om the Moon, aerocapture to low Earth orbit of returning reusable lunar vehicles, landing 
of Mars excursion vehicles from Mars orbit, aero descent and landing of crew capsules 
returning from Mars, aerocapture to low Earth orbit of returning Mars vehicles, and 
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aerocapturc to Mars orbit of Mars excursion and Mars transfer vehicles. The "Development 
Risk for Aerobraking by Function chan provides a qualitative development risk comparison 
for these six functions. 

Aerocapture of vehicles requires large aerobrakes. For these to Ije efficient, low mass per 
unit area is required, demanding efficient structures made from very high performance 
materials as well as efficient, low mass thermal protection materials. By comparison, the 
crew capsules benefit much less from high performance structures and TPS. 

Launch packaging and on-orbit assembly of large aerobrakes presents a significant 
development risk that has not yet been solved even in a conceptual design sense. Existing 
concepts package poorly or are difficult to assemble or both. While the design challenge 
can probably be met, aerobrake assembly is a difficult design and development challenge, 
representing an important area of risk. 

Nuclear thermal rockets - The basic technology of nuclear thermal rockets was developed 
and demonstrated during the 1960s and early 1970s. The development risk to reproduce 
this technology is minimal, except in testing as described below. Current smdies are 
recommending advances in engine performance, both in specific impulse (higher reactor 
temperature) and in thrust-to-weight ratio (higher reactor power density). The risks in 
achieving these are modest inasmuch as performance targets can be adjusted to technology 
performance. 

Reactor and engine tests during the 1960s jetted hot, slightly radioactive hydrogen directly 
into the atmosphere. Stricter environmental controls since that time prohibit discharge of 
nuclear engine effluent into the atmosphere. Design and development of full containment 
test facilities presents a greater development risk than obtaining the needed performance 
from nuclear reactors and engines. Full- containment facilities will be required to contain all 
the hydrogen effluent, presumably oxidize it to water, and remove the radioactivity. 

Electric Propulsion Power Management and Thrusters - Power management and thrusters 
are common to any electric propulsion power source (nuclear, solar, or beamed power). 
Unique power management development needs for electric propulsion are (1) minimum 
mass and long life, (2) high power compared to space experience, i.e. megawatts instead of 
kilowatts, (3) fast arc suppression for protection of thrusters. Minimizing mass of power 
distribution leads to high distribution voltage and potential problems with plasma losses, 
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arcing, and EMI. Thus while power management is a mature technology, the unique 
requirements of electric propulsion introduce a number of development risks beyond those 
usually experienced in space power systems. 

Electric thruster technology has been under development since the beginning of the space 
program. Small thrusters are now operational, such as the resistance-heat-augmented 
hydrazine thrusters on certain communications spacecraft. Small arc and ion thrusters are 
nearing operational use for satellite stationkeeping. 

Space transfer demands on electric propulsion performance place a premium on high power 
in the jet per unit mass of electric propulsion system. This in turn places a premium on 
thruster efficiency; power in the jet, not electrical power, propels spaceships. Space 
transfer electric propulsion also requires specific impulse in the range 5000 to 10,000 
seconds. Only ion thrusters and magnetoplasmadynamic (MPD) arc thrusters can deliver 
this performance. Ion thrusters have acceptable efficiency but relatively low power per unit 
of ion beam emitting area. MPD thruster technology can deliver the needed Isp with high 
power per thruster, but has not yet reached efficiencies of interest. Circular ion thrusters 
have been built up to 50 cm diameter, with spherical segment ion beam grids. These can 
absorb on the order of 50 kWe each. A 10 MWe system would need 200 operating 
thrusters. The development alternatives all have significant risk: (1) Advance the state of 
the art of MPD thrusters to achieve high efficiency; (2) Develop propulsion systems with 
large numbers of thrusters and control systems; or (3) Advance the state of the art of ion 

thrusters to much larger size per thruster. 

Nuclear power for electric propulsion - Space power reactor technology now under 
development (SP-100) may be adequate; needed advances are modest. Advanced power 
conversion systems are required to obtain power-to-mass ratios of interest. The SP-100 
baseline is thermoelectric, which has no hope of meeting propulsion system performance 
needs. The most likely candidates are the closed Brayton (gas) cycle and the potassium 
Rankine (liquid/vapor) cycle. (Potassium provides the best match of liquid/vapor flmd 
properties to desired cycle temperatures.) Stirling cycle, theimionics, and a high- 
temperature thermally-dnven fuel cell are possibilities. The basic technology for Brayton 
and Rankine cycles are mature; both are in widespread industrial use. Prototype space 
power Brayton and Rankine turbines have run successfully for thousands of hours in 
laboratories. The development risk here is that these are very complex systems; there is no 
experience base for coupling a space power reactor to a dynamic power conversion cycle; 
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there is no space power experience base at the power levels needed; and these systems, at 
power levels of interest for SEI space transfer application, are large enough to require in¬ 
space assembly and checkout. Space welding will be required for fluid systems assembly. 

Solar power for space transfer propulsion - Solar power systems for space propulsion must 
attain much higher power-to-mass ratios than heretofore achieved. This implies a 
combination of advanced solar cells, probably multi-band-gap, and lightweight structural 
suppon systems. Required array areas are very large. Low-cost arrays, e.g. $100/watt, 
are necessary for affordable system costs, and automated construction of the large area 
structures, arrays, and power distribution systems appears also necessary. Where the 
nuclear electric systems are high development risk because of complexity and the lack of 
experience base at relevant power levels and with the space power conversion technologies, 
most of the solar power risk appears as technology advancement risk. If the technology 
advancements can be demonstrated, development risk appears moderate. 

Avionics and software - Avionics and software requirements for space transfer systems are 
generally within the state of the art. New capability needs are mainly in the area of vehicle 
and subsystem health monitoring. This is in part an integration problem, but new 
techniques such as expen and neural systems are likely to play an important role. 

An imponant factor in avionics and software development is that several vehicle elements 
having similar requirements will be developed, some concurrently. A major reduction in 
cost and integration risk for avionics can be achieved by advanced development of a 
''standard" avionics and software suite, from which all vehicle elements would depart. 


Further significant cost savings are expected from advancements in software development 
methods and environments. 

Environmental Control and Life Support (ECLS) - The main development risk in ECLS is 
for the Mars transfer habitat system. Other SEI space transfer systems have shon enough 
operating durations that shuttle and Space Station Freedom ECLS system derivatives will 
be adequate. The Mars transfer requirement is for a highly closed physio-chemical system 
capable of 3 years' safe and dependable operation without resupply from Earth. The 
development risk arises from the necessity to demonstrate long life operation with high 
confidence; this may be expensive in cost and development schedule. 
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Man-Rating Approach 


Man-rating includes three elements: (1) Design of systems to manned flight failure tolerance 
standards, (2) Qualification of subsystems according to normal man-rating requirements, 
and (3) Flight demonstration of critical performance capabilities and functions prior to 
placing crews at risk. Several briefing chans foUow: the first summarizes a recommended 
approach and lists the subsystems and elements for which man-rating is needed; 
subsequent chans present recommended man-rating plans. 

Mission and Operations Risk 

These risk categories include Earth launch, space assembly and orbital launch, launch 
windows, mission risk, and mitigation of ionizing radiation and zero-g risks. 


Eanh launch - The Eanh launch risk to in-space transponation is the risk of losing a 
payload because of a launch failure. Assembly sequences are arranged to minimize the 
impact of a loss, and schedules include allowances for one make-up launch each mission 

opportunity. 


Assembly and Orbital Launch Operations - Four sub-areas are covered: assembly, test and 
on-orbit checkout, debris, and inadvertent re-entry. 

Assembly operations risk is reduced by verifying interfaces on the ground prior to launch 
of elements. Assembly operations equipment such as robot arms and manipulators will 
undergo space testing at the node to qualify critical capabilities and performance prior to 
initiating assembly operations on an actual vehicle. 

Assembly risk varies widely with space transfer technology. Nuclear thermal rocket 
vehicles appear to pose minimum assembly risk; cryo/aerobraking are intermediate, and 
nuclear and solar electric systems pose the highest risk. 

Test and on-orbit checkout must deal with consequences of test failures and equipment 
failures. This risk is difficult to quantify with the present state of knowledge. Indications 
are: (1) large space transfer systems will experience several failures or anomalies per day. 
Dealing with failures and anomalies must be a routine, not exceptional, part of the 
operations or the operations will not be able to launch space transfer systems from orbit; (2) 
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vehicles must have highly capable self-test systems and must be designed for repair, 
remove and replace by robotics where possible and for ease of repair by people where 
robotics cannot do the job; (3) test and on-orbit checkout will run concurrently with 
propellant loading and launch countdowns. These cannot take place on Space Station 
Freedom. Since the most difficult part of the assembly, test and checkout job must take 
place off Space Station Freedom the rest of the job probably should also. 

Orbital debris presents risk to on-orbit operations. Probabilities of collision are large for 
SEI-class space transfer systems in low Earth orbit for typical durations of a year or more. 
Shielding is mandatory. The shielding should be designed to be removed before orbital 
launch and used again on the next assembly project. 

Creation of debris must also be dealt with. This means that (1) debris shielding should be 
designed to minimize creation of additional debris, especially particles of dangerous size, 
and (2) operations need to be rigorously controlled to prevent an inadvenent loss of tools 
and equipment that will become a debris hazard. 

Inadvenent re-entry is a low but possible risk. Some of the systems, especially electric 
propulsion systems, can have very low ballistic coefficient and therefore rapid orbital decay 
rate. Any of the SEI space transfer systems will have moderately low ballistic coefficient 
when not loaded with propellant. While design details are not far enough along to make a 
quantitative assessment, pans of these vehicles would probably survive reentry to become 
ground impact hazards in case of inadvenent reentry. For nuclear systems, it will be 
necessary to provide special suppon systems and infrastructure to drive the probability of 
inadvenent reentry to extremely low levels. 

Launch Windows - Launch windows for single-bum high-thrust departures from low Earth 
orbit are no more than a few days because regression of the parking orbit line of nodes 
causes relatively rapid misalignment of the orbit plane and departure vector. For lunar 
missions, windows recur at about 9-day intervals. 

For Mars, the recurrence is less frequent, and the interplanetary window only lasts 30 to 60 
days. It is important to enable Mars launch from orbit during the entire interplanetary 
window. Three-impulse Mars departures make this possible; a plane change at apogee of 
the intermediate parking orbit provides alignment with the depanure vector. Further 
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analysis of the three-bum scheme is needed to assess penalties and identify circumstances 
where it does not work. 

Launch window problems are generally minimal for low-thrust (electnc propulsion) 
systems. 

Mission Risk - Comparative mission risk was analyzed by building nsk trees and 
performing semi-quantitative analysis. The next chan presents a comparison of several 

mission modes; after that are the risk trees for these modes. 

Ionizing Radiations and Zero G - The threat from ionizing radiations is presented elsewhere 
in this document. Presented here are the mitigating strategies for ionizing radiations and 

zero g. 

Nuclear systems operations present little risk to flight crews. Studies by University of 
Texas at Austin showed that radiation dose to a space station crew from departing nuclear 
vehicles is very small provided that sensible launch and flight strategies are used. On¬ 
board crews are protected by suitable shielding and by arrangement of the vehicle, i.e. 
hardware and propellant between reactors and the crew and adequate separation distances. 
After nuclear engines are shut off, radiation levels drop rapidly so that maneuvers such as 
departure or return of a Mars excursion vehicle are not a problem. On-orbit operations 
around a returned nuclear vehicle are deferred until a month or two after shutdown, by 
which time radioactivity of the engine is greatly reduced. 

Reactor disposal has not been completely smdied. Options include solar system escape and 
parking in stable heUocentric orbits between Earth and Venus. 

Crew radiation dose abatement employs "storm shelters" for solar flares, and either added 
shielding of the entire vehicle or fast transfers (or both) to reduce galacnc cosmic ray 
exposure. Assessments are in progress; tradeoffs of shielding versus fast trips have yet to 
be completed. Expected impact for lunar missions is negligible and for Mars missions, 

modest. 




D615-10026-2 


639 




D615-10026-2 


640 






D615-10026-2 


641 


/SICAIiM/eiw/U.liiii'H 






Incliistrializaiion and Settlement Program 





D615-10026-2 


r('AI:M/i;iw/'nan9l 







IIIIV iH# 




"1 ‘pBOfABJ PSJSAIISO 3AjJBiniUn3 














Reference 6 yr Full-Scale Development Schedule 





:/STCAEM/ieb/1iOct90 



Aerobraking Major Test/Demo Man-Rating Approach 
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♦ If curreAt technology is Selected, no advlincement activil^ is required. 
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ECLSS Systems Man-Rating Approach 
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LCCM Hardware 
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Cost Estimation Ground Rules 
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